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Abstract Discovered more than 30 years ago, the
angiotensin AT, receptor (AT:R) has evolved from a
binding site with unknown function to a firmly estab-
lished major effector within the protective arm of the
renin-angiotensin system (RAS) and a target for new
drugs in development. The AT;R represents an en-
dogenous protective mechanism that can be manipu-
lated in the majority of preclinical models to
alleviate lung, renal, cardiovascular, metabolic, cuta-
neous, and neural diseases as well as cancer. This

article is a comprehensive review summarizing our
current knowledge of the AT;R, from its discovery to
its position within the RAS and its overall functions.
This is followed by an in-depth look at the characteris-
tics of the AT:R, including its structure, intracellular
signaling, homo- and heterodimerization, and expres-
sion. AToR-selective ligands, from endogenous peptides
to synthetic peptides and nonpeptide molecules that
are used as research tools, are discussed. Finally, we
summarize the known physiological roles of the AT;R
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and its abundant protective effects in multiple
experimental disease models and expound on AT:;R
ligands that are undergoing development for clini-
cal use. The present review highlights the contro-
versial aspects and gaps in our knowledge of this
receptor and illuminates future perspectives for AT,
Rresearch.
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Significance Statement——The angiotensin AT, re-
ceptor (AT:;R) is now regarded as a fully functional
and important component of the renin-angiotensin
system, with the potential of exerting protective ac-
tions in a variety of diseases. This review provides an
in-depth view of the AT,R, which has progressed from
being an enigma to becoming a therapeutic target.

I. Introduction

The identification in 1989 of two major subtypes of
angiotensin receptors ushered in a new era of inves-
tigation into the renin-angiotensin system (RAS).
The previously well established roles of angiotensin
II (Ang II) in regulating fluid balance and the cardio-
vascular system were shown to be mediated by the
angiotensin AT; receptor (AT R). In contrast, the an-
giotensin AT, receptor (AT9R) was an enigma. Al-
though radioligand binding analysis demonstrated
that Ang II binds to the AToR with high affinity, no
discernable cellular or whole-body actions of these
receptors were immediately obvious. Combined with
this, the early discovery that AT;Rs are expressed in
high levels in neonate tissues but decline in adults
led to skepticism of their functional importance in
mature individuals. This view of the AT5R has
changed over the ensuing three decades. The classifi-
cation as a member of the seven transmembrane (7-
TM) or G-protein—coupled receptor (GPCR) class of
receptors and the discovery of intracellular signaling
pathways and cellular actions that are unique to the
AT5R and distinct from that of the AT;R led to its
recognition as a functional receptor and not simply a
binding site. The identification of whole-body physio-
logical functions of AT3R has been more elusive, al-
though several actions in healthy animals are now
established. Where the AT5R has come to the fore is
under pathophysiological conditions. ATsR expres-
sion is increased in a multitude of disease states and
its selective activation exerts protective, anti-disease
actions in the vast majority of cases, often in opposi-
tion to the deleterious effects of AT R overactivation.
As such, it is now recognized that the AT,R is a pri-
mary component of the alternative or protective arm
of the RAS. Indeed, attempts have been made to ex-
ploit AToR-mediated effects in various disease states
to the extent that a number of AT,R ligands have en-
tered the drug development process and proceeded
through phase I and phase II clinical trials.

The overall goal of this article is to provide a com-
prehensive review of the AT3R from its discovery to
its potential therapeutic application(s), with a view to
convincing the biomedical field that this receptor is
an important functional component of the RAS under
normal physiological conditions and can be leveraged
in various disease states to develop novel therapeutic
approaches.

II. The Classic and the Protective Renin-
Angiotensin System

A. Current View of the RAS and Discovery of AT5R

The RAS is one of the oldest known hormonal sys-
tems that has been preserved in multiple species over
millions of years (Fournier et al., 2012). The classic
physiological function of the RAS is to defend the
body against decreases in extracellular fluid volume
(ECFV). A reduction in ECFV, either due to reduced
blood volume or Na* depletion, results in production
of Ang II via initiation of the RAS cascade (Fig. 1).
Essentially, in response to the reduced ECFV, the as-
partyl protease renin is released from the juxtaglo-
merular cells of the kidney into the circulation, where
it cleaves the decapeptide angiotensin I (Ang I) from
the N-terminal end of angiotensinogen, a liver o2
globulin (Hackenthal et al., 1990). Ang I is further de-
graded to the octapeptide Ang II, mainly in the lung,
by a zinc-containing dipeptidyl carboxypeptidase, an-
giotensin-converting enzyme (ACE). Degradation of
Ang II by aminopeptidase A (APA) produces angioten-
sin III (Ang III). Ang II exerts several effects that
help to offset the reduced ECFV and the associated
decrease in blood pressure (BP). Classically, these
Ang II actions include powerful vasoconstriction, in-
creased fluid intake, stimulation of aldosterone re-
lease from the adrenal cortex, renal salt retention,
and stimulation of the sympathetic nervous system,
with several of these Ang II actions mimicked by Ang
III (Moeller et al., 1998). Although these classic RAS
functions represent an important contribution to
physiological regulatory mechanisms, they may, un-
der certain conditions, also turn into pathophysiology
inducing arterial hypertension, cardiac and vascular
hypertrophy, lung and renal fibrosis, vascular athero-
sclerosis, or chronic inflammation (Perazella and Se-
taro, 2003; Marchesi et al., 2008; Forrester et al.,
2018). Knowledge of these pathophysiological aspects
stimulated the development of inhibitors of the RAS
for therapeutic use such as ACE inhibitors, which
were introduced into clinical practice 40 years ago
with great, ongoing success in combating hyperten-
sion and its various sequelae, most notably stroke, or
to treat cardiac and renal diseases (Booz and Baker,
1996; Steckelings et al., 2005b; Jones et al., 2008;
Lemarié and Schiffrin, 2010).
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Fig. 1. The angiotensin ATy receptor (AT3R) within the RAS. This diagram depicts the mechanisms of generation of natural (endogenous) peptides
that exhibit high (bold green arrows) or lower (dotted green arrows) affinities for the AT3R and that demonstrate functional activity. Also presented
are agonists and antagonists that have been used experimentally to activate/inhibit AToR. A detailed discussion of the natural peptides, agonists, and

antagonists is provided in Section IV: ATs-Receptor Selective Ligands.

Research during the last decades has added new
important new facets to the initial classic RAS con-
cept. First, it was demonstrated that the RAS, with
its extension by the adrenal steroid hormone, aldoste-
rone, to the renin-angiotensin-aldosterone system
(RAAS), is not only restricted to the circulating blood
as a true hormonal system but also exists as the so-
called tissue RAS almost ubiquitously in most organs
(Lavoie and Sigmund, 2003; Paul et al., 2006). In
some organs like the heart, Ang II can be locally gen-
erated, but renin may be taken up from the blood for the
synthesis of angiotensin peptides (Danser et al., 1994).
Second, during the late 1980s, the search for antagonists
of the angiotensin receptor was intensified by several
groups. This endeavor revealed that Ang II and other
peptides of the angiotensin family would bind to least
two, if not more, receptor subtypes (Chiu et al., 1989;
Whitebread et al., 1989). Although the “classical” effects
of Ang II as described above could be attributed to one re-
ceptor subtype which was then named the AT R, a new
receptor subtype with hitherto unknown actions emerged

called the angiotensin ATy receptor (AT3R). Ang II, the
major effector peptide of the system, was shown to bind
with high affinity to both AT Rs and ATyRs. Losartan
(DUP 753), developed by the pharmaceutical company
Du Pont, selectively bound to the “classical” AT:R in
blood vessels and other tissues, whereas CGP42112A,
PD123177 (EXP-655), and PD123319, developed by Ciba
Geigy (Novartis) and Parke Davis, respectively, bound to
the “new” angiotensin AT5R in the uterus and adrenal
gland (de Gasparo et al., 2000). Although these com-
pounds were designed to bind selectively to one or the
other receptor subtype, only those blocking the known ad-
verse functions of the AT;R like losartan and the other
members of the “Sartan family” were further developed
as drugs against hypertension and related diseases
(ONTARGET Investigators et al., 2008; Taylor et al.,
2011).

Although the AT,R was initially defined as a high-
affinity binding site for Ang II, proof of its existence as
a class A GPCR was only revealed with the molecular
cloning of the associated ¢cDNA by Victor Dzau’s and
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Fig. 2. Snake plot diagram of AT;R. The cysteines that form disulfides
are shown in yellow, important residues for ligand binding are depicted
in red, and the glycosylation sites are indicated by “Y.”

Tadashi Inagami’s groups (Kambayashi et al., 1993;
Nakajima et al., 1993). With further characterization
of its genomic structure and the documentation of a
mouse phenotype by gene deletion experiments by the
Dzau-Kobilka and Inagami laboratories (Hein et al.,
1995a; Ichiki et al., 1995), the AT,R was finally recog-
nized as a real biologic entity (Unger, 1999; Gallinat
et al., 2000). Nonetheless, it took several years to un-
veil distinct biologic functions of the AT3R because of
special features of AT9R activity and regulation. The
availability of new pharmacological tools to distinguish
between AT Rs and ATyRs had indicated that these re-
ceptors exert completely different and often opposite
effects with regard to signal transduction mechanisms
and actions on neuronal membrane ionic currents
(Pucell et al., 1991; Bottari et al., 1992; Kang et al.,
1992, 1993; Mukoyama et al., 1993). The ATsR was
also found to be constitutively active (Miura et al.,
2005) so that the regulation of its expression gains
importance against the agonist concentrations. It
also became apparent that the AT3R is distinctly reg-
ulated. Although it is highly expressed in some fetal
tissues, it is usually suppressed in many tissues in
the adult, and its expression can be drastically upregu-
lated under the condition of ischemic, inflammatory, or
traumatic tissue injury but also in atherosclerotic le-
sions (Booz and Baker, 1996; de Gasparo et al., 2000;
Steckelings et al., 2005b; Jones et al., 2008; Lemarié
and Schiffrin, 2010). Thus, investigations into the func-
tional role of the AT5R were hampered by its low detect-
ability in various organs under “normal” conditions,
requiring experimental stimulation of the RAS under
selective blockade of the AT;R to reveal specific AToR-
mediated actions (Steckelings et al., 2005b). Moreover,
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vasoconstriction, proliferation, and other features as-
signed to the AT:R could not be elicited by AToR stimu-
lation, so researchers had to turn to the investigation of
novel actions hitherto undescribed with respect to the
RAS. The breakthrough regarding its cellular action
came with the demonstration of the antiproliferative ef-
fect of the AT5R by two laboratories, using in vitro
(Stoll et al., 1995) and in vivo (Nakajima et al., 1995)
models. With these studies, it became clear that the
AT,R was not just a weak mediator or effector of classic
RAS actions but rather an opponent of the AT R within
the RAS. This view was fortified by experiments that
showed the vasodilating, natriuretic, anti-inflammatory,
antifibrotic, even (neuro)-regenerative, and sometimes
also apoptotic effects of the AT;R (de Gasparo et al.,
2000; Kaschina et al., 2017).

Over the years, it became increasingly clear that
this receptor is part of an endogenous biologic pro-
gram that can modulate pathological processes in-
duced by AT R stimulation or other factors and may
enable recovery from disease. This led to a modifica-
tion of the classic concept of the RAS, where the po-
tentially “harmful” arm of the RAS, represented by
the AT.R, is counterbalanced by the “protective” arm
of the RAS. Together with the MAS1 proto-oncogene,
G protein-coupled receptor (MAS) receptor, stimulated
by the angiotensin peptide fragment angiotensin-(1-7)
[Ang-(1-7)] (Paz Ocaranza et al., 2020), the AT>R has
gone through several transformations: from an “enigmatic”
receptor to a significant member of the protective arm of
the RAS (Unger et al., 2015).

B. Major Functions of ATsR: The Global Perspective

The AT,R is one of the main receptors within the
protective RAS, others being MAS and insulin-regu-
lated aminopeptidase, and its position within the RAS
is illustrated in Fig. 1 along with its endogenous pep-
tide agonists as well as synthetic agonists and antago-
nists. This “reputation” of the AT;R (and MAS) is
based on a multitude of publications that have docu-
mented the protective and regenerative nature of the
AT3R in a broad range of disease models, including
cardiovascular, lung, kidney, metabolic, skin, and
central nervous system (CNS) diseases as well as in
cancer (Mogi et al., 2012; Rodrigues-Ferreira and
Nahmias, 2015; Sumners et al., 2015, 2019; Carey,
2017a; Kaschina et al., 2017; Bennion et al., 2018b;
Santos et al., 2019; Silva et al., 2020). The therapeutic
effect of AT;R stimulation in these models regularly
involves potent anti-inflammatory, antifibrotic, and
cell-protective actions (Wang Y et al., 2017; Sumners
et al., 2019; Patel et al., 2020). The role of the ATsR as
an endogenous repair and protection system is further
supported by the consistent observation from many dis-
ease models that in the event of tissue injury, this re-
ceptor is upregulated. Moreover, knockdown of the
receptor in many models leads to a more severe course
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of disease, indicating that even in the absence of a phar-
macological AT>R agonist, background AT.R activity
(constitutive or by endogenous angiotensin peptides) ex-
erts protective actions.

In contrast to the consistency regarding the protec-
tive role of the AT,R in disease, the role of this recep-
tor in physiological processes is much less well
defined. There are several potential reasons why the
physiological effects of the AT3R remain enigmatic.
These include: 1) low expression of AT3Rs in most
healthy tissues in contrast to enhanced expression in
disease (Booz and Baker, 1996; de Gasparo et al.,
2000; Steckelings et al., 2005b; Jones et al., 2008;
Lemarié and Schiffrin, 2010); 2) low levels of AT,R
mRNA relative to higher levels of ATsR protein in tis-
sues such as kidney, similar to the situation with do-
pamine D; receptors (Carey, 2013); 3) the often
discrete responses to AT5R stimulation in the experi-
mental setting (Steckelings et al., 2005b); and 4) the
often-inhibitory nature of AT>R actions that counter-
act disease mechanisms such as inflammation or fi-
brosis, which are not present under physiological
conditions (Wang Y et al., 2017; Sumners et al., 2019;
Patel et al., 2020). Moreover, the reported physiologi-
cal effects of AT9R activation involve organ systems
that are often very different in their nature from
those that are usually associated with the RAS. Ex-
amples include an increase in delayed-rectifier K
current (Ix,) in neurons (Kang et al., 1992, 1993), the
inhibition of cell proliferation (Nakajima et al., 1995;
Stoll et al., 1995), or programmed cell death associ-
ated with differentiation and development (Horiuchi
et al., 1998). More recent research has revealed that
there is also a role for the AToR within the key do-
mains of RAS function, which are the maintenance of
ECFV and BP. In this context, the AT3R promotes di-
uresis/natriuresis and lowers BP, the latter including
central mechanisms (Sumners et al.,, 2015; Carey,
2017a).

It needs to be emphasized that the AT3R is not only
a counter-regulator of AT;R actions (i.e., being depen-
dent on active AT;R signaling) but that it has its
“own life” with an amino acid sequence, an activation
mechanism, signaling cascades, and actions in physi-
ology and pathophysiology that are clearly distinct
from those of the AT;R and from most other known 7-
TMs/GPCRs.

The difficulty encountered in establishing robust
in vitro assays for the detection of AToR effects is likely
a major reason for the delay in the development of
drugs targeting this receptor for therapeutic use of its
protective and regenerative properties. Nevertheless,
AT5R agonists (for idiopathic pulmonary fibrosis and
COVID-19) and antagonists (for neuropathic pain)
have progressed through different stages of preclinical
and clinical development, and it can be expected that
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sooner or later an ATyR-targeting drug will become
available for clinical use.

II1. The Angiotensin AT>-Receptor

A. The AT5R Gene

1. Location and Structure. 'The gene that encodes
the AT;R, known as AGTR2 in humans and Agtr2 in
rodents, is located on the X chromosome (Koike et al.,
1994, 1995; Hein et al., 1995b). Traditional radioiso-
tope in situ hybridization studies located the human
AGTR?2 to position Xq24-Xq25 and the mouse Agtr2 to
region A2-A4 of the X chromosome (Lazard et al.,
1994). Fluorescence in situ hybridization studies as-
signed the human AGTR2 to position Xq22-Xq23
(Chassagne et al., 1995) or Xq22 (Tissir et al., 1995)
and the rat Agtr2 to Xq34 (Tissir et al., 1995). The
Agtr2 /AGTRZ2 gene exists as a single copy in the ge-
nome and consists of three exons: the first two exons
encode the 5 untranslated region, whereas the third
exon, which has no introns, contains the entire unin-
terrupted coding region for the AT,R (Nakajima
et al., 1993; Tsuzuki et al., 1994; Ichiki and Inagami,
1995; Kobayashi et al., 1995). The “intronless” nature
of the Agtr2/AGTR2 coding region would indicate
that multiple translated forms of the AT3;R, derived
by alternative splicing, cannot exist (Grzybowska,
2012; Avina-Padilla et al., 2021). However, two stud-
ies have identified ATsR mRNA transcripts from
heart tissues that exhibited alternative splicing of the
5 untranslated region of the gene (Wharton et al.,
1998; Warnecke et al., 1999), which may potentially
influence the rate or efficiency of translation initia-
tion (Kozak, 1991).

Cloning and sequencing of the AGTR2/Agtr2 gene
revealed the presence of several cis-regulatory DNA
elements within the promoter region that can respond
to hormones, growth factors, cytokines, or transcrip-
tion factors and modulate AT9R transcription (Ichiki
et al., 1996; Murasawa et al., 1996). These response
elements and factors include activator protein-1 and
-2 (AP-1 and AP-2) sites; CCAAT-enhancer—binding
proteins (C/EBPs); insulin-response sequence (IRS);
interferon regulatory factor (IRF) binding motif; glu-
cocorticoid (GRE); estrogen (ERE)- and cAMP-respon-
sive elements (CREs); nuclear factor 1 (NF-1), NF-
IL6, and nuclear factor-kappa B (NF-xB); and poly
(ADP-ribose) polymerase-1 (PARP-1) (Horiuchi et al.,
1995; Ichiki and Inagami, 1995; Martin and Elton,
1995; Ichiki et al., 1996; Murasawa et al., 1996; Rein-
emund et al., 2009; Funke-Kaiser et al., 2010; Mishra
et al., 2019).

Transcription of the AGTR2/Agtr2 ultimately leads
to production of the 363-amino acid AToR protein that
is highly homologous between humans, rats, and
mice. Structural aspects of this class A GPCR are
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considered in detail in Section III.B, and the implica-
tions of the X chromosome location of AGTR2/Agtr2
for AT3R biology in females are expanded upon at the
start of Section IIL.E.

2. AGTR2 Gene Mutations. Early studies from two
independent groups in which the Agtr2 was deleted
from mice yielded animals that exhibited decreased
exploratory behavior or spontaneous movements
(Hein et al., 1995a; Ichiki et al., 1995). Subsequently,
one of these groups demonstrated that the Agtr2-
deficient mice also displayed anxiety-like behavior
(Okuyama et al., 1999), a phenomenon that is also ob-
served when treating rats with the AT,R antagonist
PD123319 (Moreno-Santos et al., 2021). The conclu-
sions from the studies on Agtr2-deficient mice that
the AT5R “played a role in behavior” and the presence
of AGTR2 /Agtr2 on the X chromosome prompted the
investigation of whether the AT9R is involved in hu-
man cognition. The first publication in this regard re-
ported that AGTR2 mutations may be responsible for
altered cognitive function in X-linked mental retarda-
tion (XLMR) (Vervoort et al., 2002). Specific findings
from this study included: 1) demonstration that a fe-
male patient with moderately severe XLMR exhibited
disrupted/silenced AGTR2 transcription due to
skewed X inactivation that results in inactivity of
both copies of the gene; 2) demonstration of AGTR2
mutations within eight of 590 male patients with
XLMR; these included a frameshift mutation at
Phe'?® that resulted in a truncated AT;R protein and
three different missense mutations that resulted in
amino acid substitutions (G21V, R324Q, and I337V)
within the extracellular and intracellular domains of
the AT3R. Based on this, the authors concluded that
AT3R has a role in human brain development and cog-
nition (Vervoort et al., 2002). Support for this idea
came from a study in which one of the same muta-
tions (leading to G21V) and a novel AGTR2 mutation
(leading to I53F) were identified in a population of
male patients with severe nonsyndromic mental re-
tardation (Ylisaukko-oja et al.,, 2004) and from a
study that identified another novel missense mutation
of the AGTR2 (leading to G191E) in a boy with severe
mental retardation and pervasive developmental dis-
order (Takeshita et al., 2012). Further support arose
from a preclinical study that demonstrated that
AT5R-null mice exhibit memory deficits and display
abnormal dendritic spine morphology and length,
characteristics that are present in some mental retar-
dation cases (Maul et al., 2008). However, several
other studies challenged whether these identified
AGTR2 mutations exert a causal effect in XLMR. To
begin with, sequencing of the entire AGTR2 coding
region in a large population with mental retardation
linked to Xq24 revealed no deleterious mutations
(Bienvenu et al., 2003). Furthermore, in other studies
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the frameshift mutations at Phe'®® and the G21V var-
iant were reported in males from control cohorts, sug-
gesting that they are unlikely to be causative in
XLMR (Erdmann et al., 2004; Huang et al., 2005). Fur-
ther doubt on the causality of AGTR2 mutations in
XLMR was cast by Piton et al. (2013), who used large-
scale human exome sequencing via the National Heart,
Blood, and Lung Institute (NHLBI) Exome Variant
Server (at the time amounting to >10,500 X chromo-
somes) and classified mutations in the AGTR2 gene as
‘highly questionable’ in terms of playing a role in men-
tal retardation with high penetrance in males (Piton
et al., 2013). Thus, evidence for a causative role for
AGTR2 mutations in XLMR is currently weak.

Genetic variants of the AGTR2 gene as a result of
single nucleotide polymorphisms (SNPs) have also
been described and associated with human disease.
These associations include variants associated with:
development of congenital anomalies of the kidney
and urinary tract (Rigoli et al., 2004; Miranda et al.,
2014); gender-specific effects on kidney function and
premature arterial aging in type 1 diabetes (Pettersson-
Fernholm et al., 2006); hypertension (Jin et al., 2003);
hypertension-induced changes in left-ventricular struc-
ture (Schmieder et al., 2001); premature coronary ar-
tery disease (Alfakih et al., 2005); obesity and body
mass index in Japanese women (Kotani et al., 2007); ca-
rotid atherosclerosis (Kolakovi¢ et al., 2016); and pre-
eclampsia in which the pregnant women had a BMI of
>25 (Zhou et al., 2013). AT3R genotype had no effect on
pressor, renal hemodynamic, or aldosterone responses
to short-term Ang II infusion (Delles et al., 2000). Indi-
viduals carrying the AToR 1675G allele may have in-
creased myocardial AToR protein expression but not
mRNA splicing (Warnecke et al., 2005).

Key Points related to Section III.LA on the AT5R
gene are:

® The AGTR2/Agtr2 gene is located on the X chro-
mosome, codes for the AT9R, which is a class A
GPCR, and natural splice variants do not exist.

® AGTR2 mutations have been associated with
XLMR but are unlikely to play a causative role.

® AGTR2 SNPs have been described in and associ-
ated with a variety of human kidney, cardiovas-
cular, and metabolic diseases and with the
development of congenital anomalies of the kid-
ney and urinary tract.

B. Structural Determinants for ATsR Binding and
Activation

1. Structure Determination of GPCRs.  Despite the
involvement of GPCRs in numerous diseases, including
cardiovascular disease, structure-based drug design of
GPCRs remains challenging due to poor protein expres-
sion, low protein stability, intrinsic flexibility leading to
several conformational states, and limitations in the



Angiotensin ATy Receptor: A Novel Therapeutic Target

attainable size of crystals for X-ray diffraction ex-
periments (Miyagi et al., 2020). Advances in protein
crystallization and data collection have enabled the
elucidation of six AT{R and seven AT;R crystal
structures within the last decade. These structures
provide insight into their mechanisms of activation
and signaling and also pave the way for structure-
based drug design to treat angiotensin receptor
(ATR)-related pathologies.

2. Overall Structure of the ATRs. The AT:R and
the AT5R share 34% amino acid sequence homology,
are comprised of 359 and 363 amino acids, respec-
tively, and form part of the class A family of GPCRs.
The overall ATR-fold closely resembles that of chemo-
kine and opioid receptors (AT R shares 36% sequence
identity with C-X-C chemokine receptor 4 (CXCR4)
and 33% sequence identity with the x-opioid receptor)
(Zhang et al., 2015). ATRs display the canonical 7-TM
alpha helical architecture with a flexible extracellular
(EC) N terminus, three intracellular (IC) loops
(ICL1-3), three extracellular (EC) loops (ECL1-3), an
amphipathic helix 8 (H8), and an IC C terminus (see
snake plot diagram of the AToR in Fig. 2 and crystal
structure in Fig. 3). ECL2 forms a f-hairpin second-
ary structure, which in AT R has been identified as
the epitope for a harmful agonistic autoantibody in-
volved in preeclampsia and malignant hypertension
(Unal et al., 2012; Xia and Kellems, 2013). The ATR
EC side is further shaped by two pairs of disulfides to
link the N terminus to ECL3 and to link ECL2 to
transmembrane (TM) 3. In most solved GPCR struc-
tures, H8 lies parallel to the membrane bilayer re-
gardless of the activation state of the receptor. This
orientation, which in some GPCRs is maintained via
a membrane anchor to the H8 palmitoylation site, al-
lows for signaling via association with G-proteins and
p-arrestin (Escriba et al., 2007). The ATRs lack this
palmitoylation site, and a range of H8 orientations
are observed in the current ATR crystal structures.

The structures of AT;R in complex with either its
endogenous agonist Ang II (Asp'-Arg-Val-Tyr-Ile-His-
Pro-Phe®), the partial agonist sarile (Sar!-Arg-Val-
’I‘yr-Ile-His—Pro—IleS) (Sar = sarcosine), or f-arrestin-
biased agonists TRV023 (Sar'-Arg-Val-Tyr-Lys-His-
Pro-Ala®) and TRV026 (Sar!'-Arg-Val-Tyr-Tyr-His-Pro’)
show HS8 parallel to the membrane, thus representing
the active state of the receptor that is amenable to sig-
naling via G-protein or f-arrestin (Wingler et al., 2019,
2020).

However, the structure of the AT R in complex with
the small molecule antagonist ZD7155 shows H8 in a
noncanonical conformation angled away from the
membrane (Fig. 4, A and B), thus representing the in-
active state of the receptor, where signaling via G-
protein and f-arrestin could be hampered (Zhang
et al., 2015).
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AT,Rs do not signal via the canonical Gg/110/Ca®"/

PKC (protein kinase C) stimulation or Gio/oz/adenylyl
cyclase inhibition and p-arrestin pathways that are
employed by AT;Rs. It makes sense that ATsR signal-
ing is different given that AT,R actions are largely op-
posing or contrary to those of ATR. It is also clear
that the AT9R and AT;R third intracellular loops
(ICL3) are quite different, with the AT,R ICL3
lacking the consensus motifs required for Gq binding
(Mukoyama et al., 1993). Nonetheless, several bio-
chemical (Hayashida et al., 1996; Zhang and Pratt,
1996; Hansen et al., 2000) and functional (Kang
et al., 1994, 1995; Hayashida et al., 1996; Horiuchi
et al., 1998; Lara et al., 2006; Li J et al., 2007) studies
have indicated that AT;Rs may couple through Gi.
However, the first study to investigate the crystal
structure of the ATsR speculated that in the active
state, the ATsR is prevented from associating with G-
proteins and f-arrestin (Zhang et al., 2017). Specifi-
cally, they demonstrated that binding of the high-
affinity small-molecule ligands compound 1 (530-fold
selective for AT9R) or compound 2 (dual AT R/AT3R li-
gand) to the AToR led to a pronounced shift away
from the canonical H8 orientation, a configuration
that would potentially prevent G-protein and f-
arrestin association, and also stabilize the active state
of the receptor via extensive hydrophobic and polar
interactions with TM3, TM5, and TM6 (Zhang et al.,
2017) (Fig. 4B). It is difficult to draw conclusions from
this study, as the pharmacological properties of com-
pounds 1 and 2 (whether they are agonists or antago-
nists) were not revealed and assays to assess G-
protein association were not performed. Recently, the
crystal structure of the ATSR complexed to EMA401
was determined (released in the Protein Data Bank
(PDB) and accessible via PDB ID 7JNI; there is no as-
sociated publication yet) and displayed the same non-
canonical H8 orientation as observed with compound
1 or compound 2. EMA401 was derived from the AT5R
antagonist PD123319, but it is not known whether
EMA401 acts as an agonist or antagonist (see Sec-
tions IV.C.2, IV.C.3, and VILF.11). Interestingly, in
other structural studies it was demonstrated that the
crystal structure of the AT3R complexed to its endoge-
nous ligand Ang II displays the canonical H8 orienta-
tion, which could allow for association of these
proteins (Asada et al., 2020). Important to note is that
the position of H8 was not resolved in the ATsR struc-
ture obtained when using the partial AT;R agonist
sarile as the ligand (Asada et al., 2018; Miyagi et al.,
2020). Thus, there remain differing opinions on
whether ATyRs can interact with and signal via G-
proteins. If the AT,R does interact with Gi, a further
consideration that should be made is which intracel-
lular loop of the receptor may interact with the G-pro-
tein. Recently, several class A GPCR structures have



1062 Steckelings et al.

™7
A M6 \ , AT,R/ZD7155
AT,R/Ang Il

A Helix 8 \
_T™M6 ALY

= W
e

: H8
‘ H8 - " Hs
: m AT,R/Angll AT,R/Angll

: ' \ AT,R/compound 1 AT1R/ZDT155/

AT,RIEMA401
NPxxY \

N-N lock (AT,R)
N111335 N1273 35

/\\4 W\ﬁ

Ao
_ -N314749 $ 350

N-N fock (AT,R)

N2957.45

E Binding pocket clash initiates a
cascade of conformational changes

Ang Il

M128%:3

F30874

/

Fig. 4. Comparison between active AToR-Ang II (PDB ID 6JOD) and inactive AT R-ZD7155 (PDB ID 4YAY) highlights how large-scale conformational
changes [indicated by arrows] in (A) TM5-7 and (B) helix 8 (H8) are triggered by rearrangements of the conserved (C) PIF, (D) NPxxY, and (F) DRY motifs,
due to (E) steric clashes and rearrangements in the core binding pocket. PDB IDs for AT R/Ang II, AT;R/ZD7155, AToR/Ang II, ATyR/compound 1, and
AT>R/EMA401 are 60S0, 4YAY, 6JOD, 5UNF, and 7JNI, respectively. Residue labels in black are of ATR.




Angiotensin ATy Receptor: A Novel Therapeutic Target

been solved in complex with Gi. These include Gi-
complexed serotonin (Huang et al., 2021; Xu et al.,
2021), rhodopsin (Kang et al., 2018), p-opioid (Koehl
et al., 2018), and cannabinoid (Xing et al., 2020) re-
ceptors in their agonist-bound states, which reveal a
common binding site for Gi in an intracellular cleft
formed by TM3 and TM7 upon receptor activation. Al-
though functional studies suggest that the AT5R third
intracellular loop is critical for signaling (Kang et al.,
1995; Hayashida et al., 1996), it is also apparent that
Gi can bind to the second intracellular loop of certain
GPCR. Given the proximity between the C terminus
of Gi and these loops in class A GPCR-Gi complex
structures, both scenarios seem plausible. As the non-
canonical conformation of H8 observed in the com-
pound 1/compound 2-AT5R structures closely interacts
with TM3, TM5, and TMS6, it is possible that binding
of these ligands could prevent G-protein association.
Clearly, the topic of G-protein involvement in AT5R sig-
naling warrants further investigation, as does the in-
fluence of the AT>R/Gi complex on downstream kinase
and phosphatase pathways.

3. Peptide Binding to ATRs. The recently deter-
mined crystal structures of the AT R and the AT5R in
complex with either the endogenous agonist Ang II or
the partial agonist sarile (Asada et al., 2018, 2020;
Wingler et al., 2019, 2020; Miyagi et al., 2020), with
EMA401 (PDB ID 7JNI), with the AT,R-selective or
dual AT R/AT5R ligands compound 1 and compound 2
(Zhang et al., 2017), with the AT;R inverse agonist
olmesartan, or with the small-molecule antagonist
ZD7155 (Zhang et al., 2015) allowed comparisons of
ligand binding and conserved activation motifs (dis-
cussed in Section II1.B.4) to reveal the mechanism of
ATR activation.

The octapeptide Ang II functions as an endogenous
agonist for both AT Rs and AT5Rs by binding to the li-
gand-binding pocket and interacting with TM2, TM5,
TM6, TM7, and ECL2. Sarile, on the other hand, acts
as a partial agonist. Small-molecule ligands like com-
pound 1, compound 2, ZD7155, and olmesartan bind
to the core binding domain of their receptors, whereas
peptides like sarile and Ang II interact with the core
as well as the extended binding domain on the extra-
cellular side (Fig. 3, A and B). Structural and muta-
genesis data has revealed the importance of core
binding domain residues Argl67°°2 Tyr35.39
Lys199°42 and Trp84%%° for both peptide and non-
peptide binding to the AT R (Zhang et al., 2015).

Peptide binding to both types of receptors occurs in
a C-terminal-down conformation with overall very
similar receptor conformations between matched pairs
(AT R/Ang II vs. AToR/Ang II or AT R/sarile vs. ATsR/
sarile). Although the N-terminal peptide residues
(Asp'/Sar-Arg-Val®) are in an extended conformation
and exposed to solvent at the EC face, the C-terminal
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residues (Tyr*-Ile-His-Pro-Phe/Ile®) are buried and in a
C-shaped conformation. This C-shaped conformation
contrasts with the S-shaped backbone conformation of
the solution structure of Ang II (Spyroulias et al.,
2003) and is observed for ATR crystal structures com-
plexed to either Ang II or sarile.

The C-shaped conformation is formed by the con-
strained dihedral angle of Pro’, intramolecular inter-
actions between Tyr?*, and the terminal carboxylate of
Ile/Phe®, a collection of hydrophobic interactions to
core residues (Trp1002'60, Leul24332 Met128336,
Phe272%5", 11e304"°, and Phe308"* for the AT:R),
and hydrogen bonding of the peptide backbone to
AT,R Arg182F°L2 (Arg167%™2 in the AT R) (Fig. 3, A
and B), a key residue for small-molecule binding to
ATRs (Zhang et al., 2015). The C-terminal carboxylate
further forms a salt-bridge interaction with the ATsR
Lys215°2 (Lys199°“2 in the AT;R), which is key for
receptor activation, in agreement with mutagenesis
data (Noda et al., 1995; Fillion et al., 2013).

A recent review suggested that based on AlphaFold
structure predictions (available at https://alphafold.
com via UniProt accession codes P30556 and P50052
for AT Rs and ATyRs, respectively), the N- and C-
terminal loops of the two full-length receptors display
different conformations (Singh and Karnik, 2022).
The predictions for these regions displayed low confi-
dence scores, and the full-length structures have not
been experimentally validated since truncated con-
structs were used for X-ray crystallography. However,
some slight changes in sidechain rotamers occur at
the peptide N terminus (between matched pairs),
which seem to occur because of a difference in the
Cys®C® position, and thus also the receptor N-termi-
nal loop. As reported by Wingler et al. (2019), the
AT R-sarile structure shows the receptor N terminus
wrapped over the EC opening to associate a third
p-sheet with the ECL2 f-hairpin, whereas Arg?-Tyr*
of sarile contributes a fourth f-sheet, thus forming a
half f-barrel. By comparing all ATR crystal structures
solved to date, it was observed that this half S-barrel
structure occurs in all peptide agonist-bound AT:R
structures but in none of the AT;R structures (Fig.
3C). In the AT,R, Asp! of Ang II is thus shifted away
from TM5 by 3.8A (relative to AT;R) along with a
change in the sidechain orientations of Asp' and Arg?
(Fig. 3C). Nevertheless, the peptide N terminus is se-
cured in the extended binding pocket of both recep-
tors by key interactions with TM6 and TM7 via
Asp279%°® and Asp2977-32 in the AT,R and Asp2635-°8
and Asp2817%2 in the AT;R (Fig. 3, A and B).

4. Mechanism of ATR Activation. 'The highly con-
served DRY (TM3), NPxxY (TM7), and PIF motifs,
which are known to be involved in class A GPCR acti-
vation, are conserved in the ATRs (apart from the
ionic lock between R>®° of the DRY motif and Asp/
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Glu®?® since human ATRs lack an acidic amino acid
at position 6.30). Since it is not known whether
EMAA401 exerts purely antagonistic or partial agonis-
tic effects, there is currently no crystal structure
available of inactive AToR. Nevertheless, assuming
that activation of the two types of ATRs occurs via
the same mechanism, insight can be gained into ATR
activation by comparing activation motifs (conforma-
tional locks) for fully or partially active AT R/ATsR
conformations with the inactive AT;R conformation.

Binding of the C-terminal Ile/Phe® (of sarile or Ang
II, respectively) is key for ATR activation by initiating
a cascade of conformational changes at the deepest
part of the ligand-binding pocket and propagating
these signals to the IC side through rearrangements
in the activation motifs (Wingler et al., 2019; Asada
et al., 2020) (Fig. 4, A-F).

Structures of the active AT R (complexed to sarile,
biased agonists TRV023/TRV026, or Ang II) are over-
all very similar but differ from the inactive ZD7155-
complexed structure. Changes induced upon agonist
binding include a ~10A outward displacement of the
IC end of TM6, a ~5A inward displacement of the IC
end of TM7 (where Y3027-%% of the NPxxY motif re-
sides), a rotation in H8 to form the canonical confor-
mation parallel to the membrane, an inward rotation
of the EC end of TM5, and a slight lateral shift in the
EC ends of TM6 and TM7 (Wingler et al., 2019, 2020)
(Fig. 4, A and B). Importantly, changes in TM5 and
TM6 are linked to rearrangements in the PIF motif
(Pro®5911e34°-Pheb**) (Fig. 4C) and changes in TM6
and TM7 disrupt hydrogen bonding interactions be-
tween Asn111%3% and Asn295"*6 (more so if complexed
to Ang II vs. sarile or biased agonists) (Wingler et al.,
2020) (Fig. 4, C and D). This N-N lock interaction can
stabilize the inactive state of AT;R (Zhang et al,
2015), and agonist-induced rotation of Asn295746 re-
sults in stabilization of the active state via the NPxxY
motif. The mechanism of ATy,R activation appears to
be similar to that of the AT;R, with interaction be-
tween the AToR Met12823¢ and Ile/Phe® being key for
inducing rearrangements in the activation motifs (Fig.
4E). One difference, however, is the substitution of the
AT;R Asn295"% with AT,R Ser31174¢ (Fig. 4C). The
N-N lock residues form part of the sodium-binding site
of class A GPCRs, which is comprised of 16 highly con-
served amino acids likely important for receptor acti-
vation (Katritch et al., 2014). Interestingly, the
Asn2957*6Ala mutation led to constitutive activation
of the AT.R, presumably by disrupting the AT;R
Asn111335 to Asn2957*¢ hydrogen bonds (Unal et al.,
2012). The higher basal activity of AToRs relative to
AT Rs may thus be explained by the absence of an
N-N lock and favoring of the active AT5R conformation.

Among the class A GPCRs, Ser’*¢ and Asn®?° are
well conserved and allow sodium-mediated allosteric
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stabilization of TM3 and TM7 in the inactive confor-
mation (Katritch et al., 2014). For ATR, sodium was
not observed in the antagonist-bound crystal struc-
ture, and sodium has a minimal effect on Ang II affin-
ity (Zhang et al., 2015, 2017), meaning that the AT;R
instead relies on the N-N lock to stabilize the inactive
state (Wingler et al., 2020). However, since the struc-
ture of inactive AT9Rs has not been solved, it is un-
clear if the AT;R (which has Ser3117%) relies on
sodium binding to stabilize the inactive state.

In addition, the N-terminal loops and the extent of
agonist-induced movement of TM5-7 differ between
AT Rs and AT.Rs. The agonist-bound AT;R struc-
tures display a slightly more inward orientation of
the EC end of TM6 and a slightly more outward ori-
entation of the EC end of TM7. On the IC side, the
end of TM6 is shifted ~3A inward in matched pairs of
ATRs relative to AT;Rs. These disparities seem to
arise because the N terminus of the AT R but not the
AT3R, interacts with ECL2 and the bound agonist by
wrapping over the EC groove (Fig. 3C). The Cys™ ™.
Cys™7 disulfide bridge in the AT;R pulls the EC end
of TM7 inward due to association between the unique
beta sheet in the N terminus of the AT R with the
ECL2 beta hairpin. Association of peptide agonists
with this beta hairpin in the ATR results in a shift in
Arg? of the peptide, and TMS6 is pulled inward via a
salt-bridge interaction with Asp263%5® in the AT;R
(Asp279%°8 in AT,R). At present, it is unclear if these
differences have any functional significance or if they
simply occurred due to the different construct design
methods used for AT R versus AT9R crystallization.
In contrast to the AT;R, all AT3R structures solved to
date were of constructs where the N terminus was
truncated. The ATsR/compound 1 or 2 (Zhang et al.,
2017) and AT9R/Ang II (Asada et al., 2020) structures
had the apocytochrome b56,RIL (BRIL) fused to the N
terminus, with the latter also complexed to an AT,R
antibody fragment on the EC side. The AT.R/sarile
structure (Asada et al., 2018) and the latest ATyR/sarile
structure (Miyagi et al., 2020) had BRIL inserted into
ICL3, but the former also used an antibody fragment to
aid crystallization, whereas the latter had a truncated
N terminus. By comparing all ATR structures to date, it
appears as though the AToR N terminus and ECL2 in-
teractions with the peptide agonists are altered through
steric hindrance of BRIL and/or antibody fragments.
Given the revolutionary advances in cryo-electron mi-
croscopy over the past decade, this technique will likely
be useful for the future determination of matched pairs
of AT R and AT5R structures in a more native state, po-
tentially even coupled to G-proteins (Garcia-Nafria and
Tate, 2019). Regarding HS8, the noncanonical orientation
observed by Zhang et al. (2017) is unlikely to be a crys-
tallization artifact, as it was observed in different crys-
tal forms and with both compound 1 and 2 ligands. An
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important question is, are these compounds (and
EMA401 where this noncanonical H8 orientation was
also observed) agonists or antagonists of the AToR? Al-
though the AT,R structures complexed to these ligands
show the microswitches and transmembrane helices in
close agreement with those of other class A GPCRs (in-
cluding AT Rs) in their active states and thus indicate
that they may have agonistic properties, the noncanoni-
cal H8 conformation suggests that they may be antago-
nists or partial agonists, as signaling via Gi would most
likely be sterically hindered. It is interesting to note
that the compound 1/compound 2 ligands extend deeper
into the binding pocket of the AT5R than sarile or Ang
II. This is not just true for the ethyl substituent in the
R1 position, which causes a shift (relative to the Ang II-
AT,R structure) in the Met128%3¢ position toward that
of the inactive-state Leul123% position of AT;R along
with a shift in Phe308”*3, but also for the biphenylte-
trazole moiety. The structure-activity relationship
(SAR) and docking studies performed by Zhang et al.
(2017) showed that the biphenyltetrazole moiety of com-
pound 1/compound 2 was reorientated in the AT;R to
align with that of olmesartan/ZD7155 and that a ro-
tamer flip led to a dramatic flip in the quinazolinone
moiety compared with the AT5R. The biphenyltetrazole
moiety of compound 1/compound 2 binds deep into a
pocket formed by hydrophobic residues of TM3, TM4,
and TM5 of the AT5R, which is not bound in any of the
other ATR structures. Another difference between these
AT5R structures and that of Ang Il/sarile-bound ATsR
is that Tyr104%%° is flipped out of the binding site by a
steric clash with the benzene moiety. EMA401 also in-
duces this rotation in Tyr104%% but differs from com-
pound 1/compound 2 since it lacks the TM3-5
interactions and displays similar Met128%3¢ and
Phe30874% conformations as with Ang II. The altered
Tyr104%%® conformation caused a steric clash with
Leu44™N*™ and triggered a change in its orientation
along with that of Lys42N*™ and His41N*™ thereby
rotating TM1. It is tempting to speculate that this
unique clash of Tyr104%%° upon EMA401/compound 1/
compound 2 binding could alter the dynamics of TM1,
TM2, and the neighboring TM7 to trigger a change in
HS8 orientation. The inward rotation of the IC side of
TM1 upon Tyr104%% rotation likely causes a clash with
the canonical H8 orientation, resulting in its inward
motion and association with TM3, TM5, and TM6. As
H8 was not resolved in the ATyR/sarile crystal struc-
tures, its orientation is unknown.

Key points related to Section III.B on the struc-
tural determinants for AToR binding and activation
are:

® The ATRs share overall very similar structures
in complex with Ang II or sarile.
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® Small molecule ligands like compound 1, com-
pound 2, EMA401, ZD7155, and olmesartan bind
to the core binding domain of their receptors,
whereas peptides like sarile and Ang II interact
with the core as well as the extended binding do-
main on the extracellular side.

® All AT3R structures to date are in an active-like
conformation, including those in complex with
EMA401/compound 1/compound 2 where a non-
canonical H8 conformation was seen. If these
three compounds are antagonists, it suggests
that they do not act through conserved micro-
switches important for AT;R activation but
rather through a unique change in Tyr104%% to
likely prevent G-protein signaling. If they are in-
stead agonists, the change in H8 may trigger bi-
ased signaling. To clarify the mechanism of ATsR
activation and signaling, it is crucial to confirm
the pharmacological properties of these com-
pounds through functional studies.

C. Intracellular Signaling

AT5R-induced intracellular signaling is atypical
and unlike the traditional modes of signaling dis-
played by many other GPCRs, including the AT;R
(Kambayashi et al., 1993; Mukoyama et al., 1993). It
is also apparent that there is a large diversity of AT,
R-stimulated signal transduction pathways, with evi-
dence for both G-protein—dependent and —independent
mechanisms, which is not uncommon with GPCRs
(Hilger et al., 2018; Wootten et al., 2018; Shchepinova
et al., 2020). This section will review signaling events
that mediate ATyR-induced cellular actions and func-
tions according to three main phases of signaling. It
starts with initial AT.R signaling (i.e., very early
events that require interaction of intracellular proteins
with the receptor) followed by intermediate signaling
events [i.e., activation of phosphatases, kinases, and
peroxisome proliferator-activated receptor-y (PPARy)]
and finally a brief discussion of downstream signaling
pathways that elicit physiological effects or interfere
with pathological mechanisms such as inflammation
and fibrosis.

1. Initial Signaling — AToR-Associated Proteins. There
is now much evidence that the association of an in-
hibitory G-protein (Gi) or AT;R-interacting protein
(ATIP) with the AT5R is essential for the initiation of
signaling by this receptor and that these initial asso-
ciations lead to subsequent signaling via phospha-
tase, kinase, and PPARy pathways (Fig. 5A). Of note,
unlike most other GPCRs, the AT9R does not associ-
ate with p-arrestin (Turu et al., 2006). Apart from as-
sociation with Gi and ATIP, physical interaction of
the AT,R with other receptors (discussed in Section
II1.D) and with a number of other binding proteins is
relevant for the initial steps of signaling, but the
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Fig. 5. AT9R intracellular signaling. (A) Generalized scheme depicting the documented Initial and Intermediate steps in ATsR-induced signaling. Ini-
tial steps include association with proteins such as Gia2/3, ATIP, or c-Src. These associations lead to activation (solid black arrows) of Intermediate sig-
naling molecules; the phosphatases PP2A, MKP-1, and SHP-1; the kinase Akt; and the nuclear protein PPAR. The dotted black arrow indicates that
there is controversy as to the activation of SHP-1 through a G-protein—mediated mechanism. Note that in certain investigations, the role of G-proteins
in AT9R-mediated activation of PP2A or MKP-1 was not studied, so it is conceivable that those phosphatases can also be modulated by a G-protein—
independent action. On the left are the signaling pathways that modulate neuronal excitability, and at the center and right are those that modulate
downstream signaling events. (B and C) Signaling pathways downstream of PP2A, MKP-1, SHP-1, and Akt that mediate the respective antifibrotic
(B) and anti-inflammatory (C) effects of AT3R stimulation. (B) Black connecting arrows represent the profibrotic actions of tyrosine-kinase and TGF-§
receptor activation. Green connecting lines represent the stimulatory or inhibitory actions of AT9R activation. Solid green up and down arrows repre-
sent increases/decreases in molecules or cellular action. (C) Black connecting arrows represent the proinflammatory actions of tyrosine-kinase receptor
and AT4R activation. Green connecting lines represent the stimulatory or inhibitory actions of AT;R activation. Solid green up and down arrows repre-
sent increases/decreases in molecules or cellular action.

impact especially of the latter binding proteins for
functional AToR-mediated effects is unclear.

a. Signaling via G-protein coupling. Several
early radioligand binding studies that demonstrated a
lack of ability of guanine nucleotides such as GTP
gamma S (GTPyS) or Gpp(NH)p to shift ATyR-specific
binding to a lower affinity state led to the initial con-
clusion that the AT9R does not signal via G-proteins
(Chiu et al., 1989; Dudley et al., 1990, 1991; Bottari
et al., 1991; Tsutsumi et al., 1991; Webb et al., 1992;
Siemens et al., 1994). In contrast, some studies dem-
onstrated that AT.R-specific binding, particularly
that observed in certain embryonic brain areas and
N1E-115 neural cells rich in AT9Rs, was sensitive to

GTPyS (Tsutsumi and Saavedra, 1992; Tsutsumi
et al., 1993; Siemens et al., 1994). When the AT,R
was cloned and revealed as a class A GPCR, overex-
pression of the cloned receptors in COS-7 cells yielded
AToR-specific binding that was insensitive to GTPyS
(Kambayashi et al., 1993; Mukoyama et al., 1993),
consistent with many of the earlier findings. However,
one of the cloning studies also demonstrated that
stimulation of the overexpressed AT5R led to a pertus-
sis toxin (PTX)-sensitive modulation of phosphotyro-
sine phosphatase (PTPase) activity, implying the
involvement of an inhibitory G-protein (Gi or Go)
(Kambayashi et al., 1993). They noted that although
this was contradictory to the absence of GTPyS-
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sensitivity of AT.R-specific binding, it was not un-
usual, as similar observations had been made for the
dopamine D3 receptor (Sokoloff et al., 1990), which
subsequently was shown to couple via Gi (Robinson
and Caron, 1997). The other cloning study noted a
structural similarity between the AT;R and the dopa-
mine D3 and somatostatin-type 1 receptors (SSTR1s):
a conserved 5-amino acid motif (Arg...Leu
Lys... ....Arg.Arg) in the ICL3, and suggested that
this might be responsible for the lack of traditional
signaling of these GPCRs (Mukoyama et al., 1993).
Notably, SSTR1s have also displayed variable sensi-
tivity to GTPyS (Rens-Domiano et al., 1992; Buscail
et al., 1994; Hou et al., 1994), although they clearly
signal via Gi (Hadcock et al., 1994). The conclusions
from the cloning studies that AT9R signaling involved
unique or nontraditional G-protein coupling were ulti-
mately supported by a variety of approaches that in-
dicated that ATsRs can couple to an inhibitory G-
protein.

For example, using diverse cell populations it was
demonstrated that cellular and functional effects eli-
cited by AT5R activation were PTX-sensitive (Kang
et al., 1994; Huang et al., 1995, 1996; Ozawa et al.,
1996; Yamada et al., 1996; Lehtonen et al., 1999b;
Gendron et al., 2002; Li et al., 2004; Moore et al.,
2004; Andresen et al., 2005; Li J et al., 2007; Kilian
et al., 2008). Although this provided indirect evidence
that AT;R-mediated signaling can involve inhibitory
G-proteins, two of the investigations revealed that Gi
is likely involved because an AT9R-mediated increase
in neuronal Ik, was inhibited by intracellular perfu-
sion of Gia antibodies (Kang et al., 1994) and trans-
fection of pulmonary artery endothelial cells with a
Gia3 dominant negative cDNA blocked the ATsR-medi-
ated increase in endothelial nitric oxide synthase
(eNOS) expression (Li J et al., 2007). These findings
were consistent with biochemical studies that demon-
strated ATsR association with Gia2 and Gia3 (Zhang and
Pratt, 1996) or with Giz3 alone (Sasamura et al., 2000).
Another important finding was the use of radiolabeled
GTPyS-binding, which is well suited for studying Gi/o-
coupled receptors (Strange, 2010) to demonstrate Ang II-
and Ang IIl-induced activation of Gix via AT5R in COS-7
cells (Hansen et al., 2000).

The roles of the second and third intracellular loops
(ICL2 and ICL3) of GPCR in G-protein signaling are
well known (Wong, 2003), with the conserved TM3
DRY (141-143) motif at the N terminus of the ICL2
thought to be essential for G-protein recruitment and
signaling (Rosenbaum et al., 2009) (Section III.B;
Fig. 4). Mutation of the ATsR DRY (141-143) motif in
CHO-K1 cells resulted in a significant decrease in AT,
R binding affinity and G-protein recruitment (Moore et al.,
2002) as well as reducing the functional ability of the AT,
R to inhibit insulin-induced extracellular signal-regulated
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kinase 1/2 (ERK1/2) mitogen-activated protein kinase
(MAPK) activation (Moore et al., 2004). Intracellular appli-
cation of a 22-amino acid peptide corresponding to the
ICL3 of the ATyR-elicited PTX-sensitive actions that mim-
icked the effects of Ang II via AT,Rs in two different exper-
imental situations. Namely, an increase in Ik, in cultured
neurons (Kang et al., 1995) and also reducing the growth
of aortic vascular smooth muscle cells via complexing with
Gi and inhibiting ERK1/2 MAPK activity (Hayashida
et al., 1996). Further studies from the latter group rein-
forced the importance of the ICL3 to AT9R signaling. First,
deletion of residues 240244 or 245-249 within the inter-
mediate portion of the AToR ICL3 resulted in either com-
plete or partial loss of AToR-mediated inhibition of ERK1/2
MAPK and apoptosis in PC12 cells, respectively (Lehtonen
et al., 1999a). Second, similar results were obtained by
transfecting PC12 cells with a chimeric AT R, the ICL3 of
which had been replaced with that of the AToR (Daviet
et al., 2001). Thus, although G-proteins and in particular
Gi are one signaling mechanism used by ATR, the first
study to report the AT9R crystal structure raised doubts
about this point (Zhang et al., 2017), as discussed in
Section III.B. However, the findings of that study
are hard to resolve as it is unknown whether the
two ligands used in the study (compounds 1 and 2)
(Glinka et al., 1994) (US Patent. 5,385,894. 1995)
are agonists or antagonists, although compound 1
was developed for use as an AT.R antagonist (Inter-
national Patent Application W095/03055). A more re-
cent investigation that resolved the crystal structure of
AT9R complexed to Ang II demonstrated that it dis-
played the canonical H8 orientation, which may allow
for association of AT9R and Gi (Asada et al., 2020). In
summary, although there is functional, molecular, and
biochemical evidence that the ATsR can use G-proteins
as an intracellular signaling mechanism, certain as-
pects must be clarified, especially concerning the struc-
tural approaches.

b. Signaling initiated by ATsR-interacting proteins.
In an attempt to newly identify novel proteins that
bind to and interact with the ATsR, thereby impacting
AT,R signaling and function, two independent groups
simultaneously applied yeast-two-hybrid systems and
found the same molecule as an intracellular interac-
tion partner with the C-terminal end of the AT,R,
which they termed AT,R-interacting protein (ATIP;
with the human AT5R 52 C-terminal residues as bait)
(Nouet et al., 2004) or AT;R-binding protein (ATBP;
with the mouse ATyR C-terminal residues 313-363 as
bait) (Wruck et al., 2005). Most follow-up studies have
been performed on ATIP, the human variant of the
AT,R-binding protein. ATIPs are encoded by the mi-
crotubule-associated tumor suppressor 1 (MTUS-1)
gene, which was identified as a tumor suppressor
gene prior to the discovery of ATIP/ATBP and without
any connection to the AT,R (Seibold et al., 2003). Due
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to alternative splicing and alternative promoter us-
age, transcription of MTUS-1 results in various ATIP
isoforms, of which ATIP1 and ATIP3 are the best
characterized (Di Benedetto et al., 2006; Rodrigues-
Ferreira and Nahmias, 2010). All ATIPs possess a
highly conserved C-terminal amino-acid sequence
which, in the case of ATIP1, is responsible for binding
to the AToR. Nevertheless, there is only experimental
proof for ATIP1 binding to the ATyR. Key findings
about ATIP1 localization and function from these first
two descriptions were 1) ubiquitous expression with
the highest abundance in the brain, uterus, and adre-
nal gland (i.e., tissues in which the AT5R is also
highly expressed); 2) dimerization of ATIPs; 3) coex-
pression with and binding to the AT5R but also the
ability to exert effects typical for ATsRs without bind-
ing to the receptor; 4) stronger effects after AToR acti-
vation and weaker actions in AToR-knockout mice (AT,
R-KO); 5) facilitation of AToR trafficking from the
Golgi apparatus to the membrane; and 6) antiprolifera-
tive effects due to inhibition of receptor tyrosine kin-
ases (Nouet et al., 2004; Wruck et al., 2005). However,
although the antiproliferative effect of ATIP1 is gen-
erally accepted, the mechanisms by which ATIP1 in-
hibits receptor tyrosine kinases thus leading to
antiproliferation are unresolved. Such mechanisms
may involve binding to and activation of Src homology
region 2 domain-containing phosphatase-1 (SHP-1)
(Li J-M et al., 2007), although others suggested that
the antiproliferative effect of AT;R/ATIP1 is mediated
through ATIP1/PPARy binding and crosstalk (Kukida
et al., 2016; Liitzen et al., 2017). Recently, research
has focused mainly on ATIP3, which seems to be the
main isoform possessing tumor-suppressor properties
through interference with microtubule depolymeriza-
tion within the mitotic spindle apparatus (Haykal
et al., 2021). It is currently unclear whether the ATsR
plays any role in these anticancer effects of ATIP3 or,
for that matter, ATIP1.

The anticancer effects of ATIP3 are reviewed in
more detail in Section VI.LH and in other reviews
(Bozgeyik et al., 2017; Haykal et al., 2021).

c. Other AToR-binding proteins. Apart from
ATIPs, other AT;R-binding proteins have been identi-
fied by yeast-two-hybrid assays using the C-terminal
end of the AT5R as bait in these hypothesis-generating,
“fishing” approaches. In most studies, the interaction
of the AT,R with a binding protein was confirmed by
coimmunoprecipitation (co-IP) or colocalization studies,
although the relevance of these binding proteins for
AT5R signaling is currently unclear.

Interaction of the transcription factor promyelocytic
zinc finger protein (PLZF) with the ATyR was first de-
scribed in the context of PLZF-AT9R cointernalization,
PI3-kinase activation, and cardiac hypertrophy, with in-
fusion of Ang II inducing cardiac hypertrophy in wild-
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type but not in PLZF-KO or AT,R-KO (Senbonmatsu
et al., 2003; Wang et al., 2012). Of note, AT;R-induced
cardiac hypertrophy has only been reported in geneti-
cally modified in vitro or in vivo models, whereas phar-
macological AT;R stimulation generally supports an
AT,;R-mediated attenuation of cardiac hypertrophy or a
neutral effect (see Section VI.B.2) (Steckelings et al.,
2010). PLZF also seems to play a role in the neuropro-
tective effect of the ATR (Seidel et al., 2011). Connector
enhancer of Ksr (CNK) was shown in human embryonic
kidney (HEK)-293 cells transfected with CNK1 and the
AT5R, and also in murine heart tissue, to physically in-
teract at two N-terminal binding sites with the C termi-
nus of the AT,R (Fritz and Radziwill, 2005). CNK1 is a
scaffold protein that plays a role in signaling cas-
cades regulating proliferation, differentiation (in-
cluding neuronal differentiation), and apoptosis by
connecting upstream activators with downstream
targets and may connect the AT5R to Raf/Rho signal-
ing (Jaffe et al., 2004; Ziogas et al., 2005). The tissue
inhibitor of metalloproteinase 3 (TIMP-3) was re-
ported to bind to the AT9R in human ovarian cancer
cells resulting in additive inhibition of proliferation
and angiogenesis (Kang et al., 2008). Na*/H" ex-
changer (NHE)-6/AT;R physical interaction was
found using a mouse fetus ¢cDNA library and a hu-
man breast cancer cell line (Pulakat et al., 2005), al-
though the functional relevance is not known. ErbB3
is a tyrosine kinase receptor, which is part of the epi-
dermal growth factor (EGF)-receptor family and pro-
motes proliferation and procancerous effects (Kiavue
et al., 2020). ErbB3 binding to the AT3R at the ICL3
and involving the ATP binding site of ErbB3 sug-
gests that ErbB3-AT.R interaction may prevent
transphosphorylation and thus activation of ErbB3,
resulting in antiproliferation (Knowle et al., 2000),
although experimental proof for this hypothesis is
still lacking.

2. Intermediate Signaling.

a. Phosphatases. One of the cornerstones of AToR
signaling is the activation of protein phosphatases
(Fig. 5A), which in many instances leads to interfer-
ence with kinase-driven signaling pathways (Fig. 5, B
and C). This was first indicated with the demonstra-
tion of ATsR-mediated increases in PTPase activity in
PC12W cells (Bottari et al., 1992). In the same cell
type, it was found that ATsR activation increased cy-
tosolic PTPase activity and that this was linked to the
antigrowth effects of the ATsR (Inagami et al., 1997).
It was also demonstrated that activation of a PTPase
was responsible for AT;R-mediated inhibition of T-
type Ca?’ current in neuroblastoma cells (Buisson
et al., 1995). Many subsequent studies have revealed
that the main PTPases that are activated by the
AT;R are MAPK phosphatase 1 (MKP-1) (Yamada
et al., 1996; Horiuchi et al., 1997; Fischer et al., 1998;
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Guimond and Gallo-Payet, 2012; Wang C et al., 2020)
and SHP-1 (Bedecs et al., 1997; Cui et al., 2001; Feng
et al., 2002; Shaw et al., 2003; Li J-M et al., 2007; Al-
varez et al., 2008; Guimond and Gallo-Payet, 2012). It
is also notable that MKP-1 is a dual-specificity phospha-
tase, exerting serine-threonine phosphatase (PSPase)
activity in addition to PTPase activity (Sun et al., 1993).
During the same time-period, the serine-threonine pro-
tein phosphatase-2A (PP2A) was identified as another
AT5R-coupled phosphatase mediating activation of Ik,
in neuronal cultures (Kang et al., 1994; Huang et al.,
1995) that was later linked to the neuroprotective ac-
tion of AToRs (Grammatopoulos et al., 2004). A role of
PP2A in AT;R-induced signaling has since been con-
firmed by many studies (Moore et al.,, 2002; Kilian
et al., 2008; Bhat et al., 2019; Gildea et al., 2019; Wang
C et al., 2020; Kemp et al., 2022). Thus, the main phos-
phatases that are activated upon AT5R stimulation are
MKP-1, PP2A, and SHP-1.

Current evidence supports two main mechanisms of
AToR-induced activation of these phosphatases:
(i) phosphatase activation by Gi-proteins and
(ii) phosphatase activation by phosphorylation, as
discussed in the following sections.

(i) Phosphatase activation by Gi-proteins.  There is evidence
from several studies assessing PTX sensitivity that
the coupling of ATsRs to the activation of MKP-1 or
PP2A is mediated through Gi. For example, AToR-in-
duced apoptosis of PC12W cells was dependent on a
process that included Gi-dependent activation of
MKP-1 (Hayashida et al., 1996; Yamada et al., 1996;
Horiuchi et al., 1997). With regard to PP2A, the AT,
R-induced activation of this enzyme in neuronal cul-
tures was PTX-sensitive (Huang et al., 1995), and the
AT5R-induced activation of neuronal Ik, involved a
mechanism that included Gi-induced activation of
phospholipase A2 (PLA2), generation of arachidonic
acid (AA), and subsequent activation of PP2A (Kang
et al., 1994, 1995; Zhu et al., 1998). Similarly, the AT,
R-induced decrease in ERK1/2 MAPK activity in
CHO cells involved a Gi/PP2A-dependent mechanism
(Moore et al., 2004). A role of G-proteins in AToR-in-
duced activation of SHP-1 was implied by studies in
which transfection of the AT;R ICL3 into PC12 cells
activated SHP-1 (Lehtonen et al., 1999a). In another
study, ATsR-induced inactivation of MAP-kinase via
SHP-1 in N1E-115 neuroblastoma cells was partially
PTX sensitive, though the authors concluded that
this event was G-protein independent (Bedecs et al.,
1997). Thus, evidence exists that ATsR-induced acti-
vation of PTPases and PSPases is tied to inhibitory
G-proteins. A significant gap in the literature is the
lack of knowledge of the mechanism by which AT,R/Gi
might activate phosphatases, although clues have been ob-
tained from two studies. Aside from the above-mentioned
PLA2/AA/PP2A mechanism in neurons (Zhu et al., 1998),
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it was shown that stimulation of adult rat ventricular myo-
cytes with CGP42112A-induced carboxymethylation of
PP2A by a Giffy-PI3-kinase mechanism (Longman et al.,
2014). Since carboxymethylation of the PP2A C (catalytic)
subunit modulates its assembly into a heterotrimer with
the PP2A B and A subunits (Longman et al., 2014), this is
a possible mechanism by which AToR/Gi/PP2A may elicit
signaling.

(ii) Phosphatase activation by phosphorylation. Generally,
SHP-1, PP2A, and MKP-1 are known to be activated
by phosphorylation at certain amino acid residues.
For example, SHP-1 activity is induced through phos-
phorylation by the tyrosine kinase c-Src (Zhang et al.,
2003). This may indeed be the ATsR-linked activation
mechanism of SHP-1 because as shown in fetal rat
membrane preparations within 1 minute after AT;R
stimulation, a complex is formed consisting of the ATy
R, c¢-Src, and SHP-1, which coincides with SHP-1
phosphorylation, activation, and dephosphorylation of
target proteins (Alvarez et al., 2008). AT,R/c-Src/
SHP-1 complex formation was confirmed in rat hind-
brain membrane preparations (Seguin et al., 2012). In
AToR-transfected COS-7 and N1E-115 cells, SHP-1
binding to the AT;R was evident as well, and ATsR
stimulation resulted in SHP-1 dissociation from the
receptor within 5 minutes, coinciding with rapid SHP-1
activation (Feng et al., 2002). Finally, CGP42112A in-
duced phosphorylation of a PTPase in PC12W cells
(Abadir et al., 2006); however, the study did not clarify
whether the dephosphorylated PTPase was SHP-1 or
another PTPase subtype. Interestingly, c-Src also acti-
vates Akt (protein kinase B) by phosphorylation at
Ser473 (Wong et al., 1999), which is an eNOS activation
mechanism used by the ATsR (Yayama et al., 2006; Pe-
luso et al., 2018).

MKP-1 is reported to be phosphorylated and acti-
vated by two different kinases: ERK1/2 MAPK and
casein kinase 2a (CK2«) (Slack et al., 2001; Lee
et al., 2011). A study investigating early changes in
protein phosphorylation in human aortic endothe-
lial cells by time-resolved, quantitative phosphopro-
teomics provided preliminary evidence that these
activation mechanisms may also be part of ATsR
signaling because both CK20 and ERK1/2 MAPK
were activated within 1 minute after AT3R stimula-
tion followed by protein dephosphorylations (i.e., ac-
tive phosphatases) after 3 minutes (Peluso et al.,
2018).

b. Kinases. As discussed above, kinases may be in-
volved in initial AT>R signaling and link the receptor
to phosphatase activation. However, this is still an area
that needs experimental confirmation. In contrast, evi-
dence for involvement of kinases, specifically Akt, in in-
termediate signaling of the AT.R is strong. Several
studies demonstrated ATeR-induced phosphorylation of
Akt at serine 473, which is a known Akt activation
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mechanism; others showed an attenuation of AT9R-in-
duced effects by the Akt inhibitor MK-2206. For exam-
ple, Akt was identified to mediate the following AToR-
induced effects: eNOS activation (Hiyoshi et al., 2005;
Peluso et al., 2018), improvement of insulin signaling
(Quiroga et al., 2018; Dominici et al., 2020), adipose fat
browning (Than et al., 2017), proximal tubule albumin
endocytosis (Caruso-Neves et al., 2005), and osmotic
cellular resistance (Guimaraes-Nobre et al., 2021).

c. Peroxisome proliferator-activated receptor-gamma.
PPARy is a nuclear receptor and well known for being
critically involved in fat and glucose metabolism. It
has been shown by several studies to be involved in
AT.R signaling, but the exact AT;R-mediated activa-
tion mechanism and the positioning of PPARy in
terms of whether it is upstream or downstream
within ATsR signaling are not really clear. Activation
may occur by binding to ATIP (Kukida et al., 2016;
Lutzen et al., 2017), by ATyR-induced increased
PPARy expression (Zhao et al., 2005; Shum et al.,
2013), or by an indirect mechanism such as enhanced
binding of nuclear PPARy coactivators, thereby ampli-
fying ligand-induced PPARy activity (Zhao et al.,
2005). The following AT;R-mediated therapeutic ef-
fects have been related to PPARy activation: ameliora-
tion of insulin resistance in diabetic KK-Ay mice
(Ohshima et al., 2012) and obese Wistar rats (Shum
et al., 2013), adipocyte differentiation (Shum et al.,
2013), attenuation of intima proliferation and vascu-
lar inflammation (Kukida et al., 2016), inhibition of
vascular calcification in smooth muscle cell-specific
ATsR-overexpressing mice (Kukida et al., 2019), im-
proved outcome after stroke in mice (Shan et al.,
2018), and differentiation and apoptosis in human
leiomyosarcoma cells in vitro (Liitzen et al., 2017).
These studies are reviewed from a pathophysiological
and therapeutic viewpoint in Section VI.

3. Downstream Signaling. The aforementioned ini-
tial and intermediate signaling events (Fig. 5A) link
the AT5R to downstream signaling cascades, which are
dependent on the respective cell type and organ as
well as the physiological or pathophysiological context.
In many cases, AToR-induced intermediate signaling
interferes with pathological, often kinase-driven down-
stream pathways, thus attenuating the mechanisms of
disease. Since AT,R downstream signaling mecha-
nisms have been reviewed in detail elsewhere (Rompe
et al., 2010b; Guimond and Gallo-Payet, 2012; Namsol-
leck et al., 2014; Wang Y et al., 2017; Bennion et al.,
2018b; Sumners et al., 2019; Patel et al., 2020; Steckel-
ings and Sumners, 2020), we will not focus on the en-
tirety of these pathways in the present review. Rather,
we focus on the mechanisms involved in the potent
antifibrotic and anti-inflammatory actions of AT.R
stimulation because of the clinical relevance of these
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areas to AT9R based therapies (see Sections VLLE and
VID).

Illustrated in Fig. 5B are the documented AT5R-
induced signaling events that are downstream of
MKP-1, PP2A, SHP-1, and Akt activation and that
mediate the antifibrotic effects of ATsR agonists. Note
that this is a generalized scheme designed to cover
the mechanisms involved in fibrosis in different or-
gans and tissues such as lung, kidneys, heart, and
skin, etc., and all of these events may not occur in
each organ or tissue. Central to the action of ATyR-in-
duced PTPases/PSPases is the inhibition of the profi-
brotic effects of transforming growth factor-g (TGF-f)
and of various growth factors such as platelet-derived
growth factor (PDGF), fibroblast growth factor (FGF),
and vascular endothelial growth factor (VEGF) lead-
ing to reduced collagen production and extracellular
matrix formation as shown in Fig. 5B and summa-
rized previously (Wang Y et al., 2017; Sumners et al.,
2019). The mechanisms by which the AT9R interferes
with TGF-f—induced fibrosis include: 1) dephosphory-
lation and inactivation of ERK1/2 MAPK with conse-
quent decreased CTGF (connective tissue growth
factor) production; 2) activation of eNOS, production
of NO, and generation of cGMP, which exerts antifi-
brotic effects at multiple levels; inhibition of TGF-f
production; inhibition of SMAD (Suppressor of moth-
ers against decapentaplegic) phosphorylation and
complex formation; generation of MMP-9 (matrix met-
alloproteinase 9); and direct antifibrotic actions. With
regard to growth factor—induced fibrosis, PTPase/
PSPase activation elicits inhibition of tyrosine kinase
receptor activity by dephosphorylation, thus blunting
the effects of growth factors on collagen production
and extracellular matrix formation. It is also worth
noting that the AT;R-induced production of NO and
generation of ¢cGMP described above are responsible
for the vasodilatory action of AT;R-stimulation (Hen-
rion et al., 2001; Widdop et al., 2003; Batenburg et al.,
2004; Peluso et al., 2018).

Illustrated in Fig. 5C are the documented AT5R-
induced signaling events that are downstream of
MKP-1, PP2A, SHP-1, and Akt activation and that
mediate the anti-inflammatory effects of AT3R ago-
nists. These events have also been summarized
previously (Rompe et al., 2010b; Steckelings and
Sumners, 2020). Anti-inflammatory pathways de-
picted in Fig. 5C are 1) the Akt/PTPase/PSPase-
mediated induction of the eNOS/NO pathway leading
to cGMP production; 2) inactivation of ERK1/2 MAPK,
with consequent decreased Jak/STAT (Janus kinase/sig-
nal transducer and activator of transcription protein)
activity; and 3) dephosphorylation of I-kB (NF-kappa-B
inhibitor), increasing its ability to bind to NF-kB (nu-
clear factor xB) and thus decreasing the ability of
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NF-kB to enter the nucleus and initiate transcription.
Collectively, these events lead to reduced synthesis of
proinflammatory cytokines and of cyclooxygenase 2
(COX-2), the enzyme that mediates synthesis of proin-
flammatory prostaglandins.

Key Points related to Section III.C on intracellular
signaling are:

® The intracellular signaling pathways coupled to
this atypical GPCR are equally atypical and very
different from the canonical GPCR-mediated sig-
naling events.

® The initial signaling events modulated by AToR-
stimulation include both G-protein— and non-G-
protein—mediated actions. Activation of protein
phosphatases is a core intermediate step in AToR
signaling, regardless of whether the upstream
signaling involves G-proteins or not and is cen-
tral to activation of the well described anti-in-
flammatory, antifibrotic, renal, vasodilator, and
neuroprotective actions of AToR stimulation.

® These signaling pathways afford ATyRs the abil-
ity to exert protective actions in multiple disease
states, sometimes in direct opposition to deleteri-
ous AT ;R-mediated effects.

D. Homo- and Heterodimerization

1. AT5R Homodimerization. Like most GPCRs, the
AT5R undergoes dimerization and forms homodimers
and heterodimers with a variety of other receptors
(Lyngsg et al., 2009; Farran, 2017).

AToR homodimerization was first described by
Miura et al. (2005) in PC12W and AT.R-transfected
CHO cells using co-IP and fluorescence resonance en-
ergy transfer (FRET). They further reported that AToR
homodimers constitutively signal resulting in induction
of apoptosis. Dimerization and proapoptotic signaling
were not altered by AToR stimulation, nor did the recep-
tor internalize. Through elegant studies with mutant
AT5Rs, the authors found that AToRs dimerize through a
disulfide-bond between Cys35 in the N terminus of one
receptor with Cys290 in the third extracellular loop of
the other. Homodimerization of AT5Rs and the involve-
ment of Cys35 were later confirmed in a study by Leon-
hardt et al. (2017) in HEK-293 cells transfected with AT,
Rs. Zha et al. (2017) reported AT5R homodimerization in
rat kidney epithelial NRK-52E cells. Homodimerization
was boosted by high glucose conditions, which may be a
direct effect on the dimerization susceptibility of the re-
ceptors or an indirect effect due to increased AToR expres-
sion under high glucose conditions. Ligand independent
homodimerization was also reported by Porello et al.
(2011) in transfected HEK-293 cells by protein-fragment
complementation assay and GPCR-heteromer identifica-
tion technology. A single study suggested that in Alz-
heimer’s disease (AD), amyloid f§ induces the formation of
AT5R oligomers, which are responsible for pathological

1071

Gogni-stimulated signaling (AbdAlla et al., 2009). How-
ever, this is the only study describing a pathological role
of AT5R homodimers.

2. AT9R /AT R Heterodimerization. AT5R/AT R het-
erodimerization was first described by AbdAlla et al.
(2001) in PC-12 cells, rat fetal fibroblasts, and human
myometrial tissue samples using immunoblotting of
disuccinimidyl tartarate-stabilized receptor dimers
(AbdAlla et al., 2001). Dimerization of the AToR with
the AT R was constitutive and led to inhibition of AT,
R-mediated G-protein activation and signaling. Atten-
uation of AT R signaling did not require AT5R activa-
tion, as shown by persistence of the effect in cells with
dimers containing an AToR mutant that is unable to
bind agonists or to initiate AT,R signaling by protein
phosphatases. The authors concluded that the ATsR
acts as a kind of inverse agonist of the AT R by consti-
tutively preventing conformational changes necessary
to initiate AT R signaling (AbdAlla et al., 2001). AT5R-
mediated attenuation of AT4R signaling (calcium sig-
naling; ERK1/2 MAPK activation) as well as constitu-
tive AToR/AT;R dimerization were confirmed in
studies by other groups using co-IP, FRET, and biolu-
minescence resonance energy transfer (BRET) in AT,
R/ATsR-transfected HeLa or HEK-293 cells, respec-
tively (Inuzuka et al., 2016; Rivas-Santisteban et al.,
2020).

Dimerization of AT;Rs and ATyRs also seems to
impact AToR intracellular trafficking since AT R/
AT5R dimers, but not the AT,R alone, internalized
upon Ang II stimulation and protein kinase C
(PKC) activation, which led to phosphorylation of
the C-terminal end of the ATsR (Inuzuka et al.,
2016). Internalization of ATR/AT;R/Ang II com-
plexes was also reported by Ferrao et al. (2017) in
immortalized pig proximal tubule cells (LLC-PK1
cells) by living cell imaging. The notion that ATR/
AT R dimers are constitutive is challenged by a
study in LLC-PK1 cells in which treatment with
Ang II increased the occurrence of AT,R/AT;R
dimers (Ferrao et al., 2012). Treatment with Ang II
also led to phospholipase C and sarco/endoplasmic
reticulum Ca?"-ATPase (SERCA) activation, which
are classic AT{R signaling pathways. These effects
could be blocked with the AT R antagonist losartan
and the ATyR antagonist PD123319, the latter pre-
sumably through cross-inhibition due to AT>R/AT:R di-
mer formation. Other publications have reported AT;R/
AT4R heterodimerization in naive renal tubular epithelial
cells NRK-52E line) (Zha et al., 2017) and in basolateral
membranes from proximal tubule cells from sheep (Axel-
band et al., 2009), Wistar Kyoto (WKY) and spontane-
ously hypertensive rats (SHRs), where dimers were
involved in the regulation of Na*/K"-ATPase activity by
Ang II and Ang-(3-4) (Dias et al., 2014).
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3. AT5R /MAS Heterodimerization. The AT,R and
MAS are the main receptors of the protective arm of
the RAS, and it is striking that their spectrum of sig-
naling mechanisms and actions is almost identical
(Villela et al., 2015). Moreover, there are numerous
studies in the literature showing that effects of MAS
agonists can be inhibited by PD123319 and a few
studies showing that effects of AT,R agonists can be
blocked by the MAS antagonist AVE779 (Asp-Arg-Val-
Tyr-Ile-His-D-Ala).

Both observations—similarity in signaling and ac-
tions and the so-called cross-inhibition—suggest that
the AToR and MAS dimerize. Experimental proof for
this assumption was first provided in 2017 by Leon-
hardt et al.,, who provided evidence for AT.R/MAS
heterodimerization by FRET and by cross-correlation
spectroscopy in ATyR-transfected HEK-293 cells
(Leonhardt et al., 2017). In primary mouse astrocytes,
they further showed cross-inhibition by AT.R and
MAS antagonists and functional interdependence of
the AT3R and MAS since in cells with knockdown of
one receptor, the other receptor was nonfunctional
(Leonhardt et al., 2017). AToR/MAS dimerization in-
tensity was not altered by AT5R or MAS agonist treat-
ment. Heterodimerization and functional dependence
of the ATsR and MAS were confirmed by Patel et al.
(2017) by showing cross-inhibition of AT;R/MAS ef-
fects on natriuresis/diuresis by the respective antago-
nists in obese Zucker rats in vivo, as well as
colocalization and co-IP in kidney sections or cortical
homogenates, respectively. Evidence for colocalization
and cross-inhibition of the AT3R and MAS was also
found in human umbilical vein endothelial cells by co-
IP and colocalization studies (Gonzalez-Blazquez
et al., 2021b).

4. AT5R/Relaxin Receptor Heterodimerization. An-
other example of functional interdependence of the
AT9R with a GPCR is the heterodimer formed by the
AT3R and the receptor for relaxin, the relaxin family
peptide receptor 1 (RXFP1). As Chow et al. (2014) re-
ported, the antifibrotic effect of relaxin could be
blocked by PD123319, and it was absent in an in vivo
model of unilateral ureteral obstruction in mice either
treated with PD123319 or in AT,R-KO. Using biolu-
minescence resonance energy transfer (BRET) in
transfected HEK-293 cells, the authors confirmed the
existence of constitutive AToR/RXFP1 dimers, which
were not altered by the respective agonists, Ang II, or
H2 relaxin alone or in combination.

A recent study by Chow et al. (2019) added another
level of complexity by demonstrating the existence of
AT R/AToR/RXFP1 oligomers in renal and cardiac
myofibroblasts, through which, paradoxically and due
to cross-inhibition, an AT;R antagonist inhibited
the antifibrotic effects of AT;R- or RXFP-receptor
agonists.
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5. AT9R/Bradykinin Receptor B, Heterodimeriza-
tion. AT9Rs mediate a vasodilator cascade that in-
cludes bradykinin (BK), nitric oxide (NO), and cyclic
GMP (cGMP). When AT,R and BK B, receptors
(B2Rs) are activated simultaneously in vivo, NO pro-
duction is enhanced (Abadir et al., 2003). FRET mi-
croscopy and co-IP demonstrated dimerization of AT,
R and ByR in PC12W cells at baseline in the absence
of receptor activation, suggesting constitutive hetero-
dimerization (Abadir et al., 2006). The rate of hetero-
dimer formation was largely a function of the level of
AT5R-BoR expression. The physical association be-
tween the dimerized receptors initiated changes in
specific intracellular phosphoprotein signaling activi-
ties and enhanced production of NO and ¢cGMP. A
combination of AT9R activation by CGP42112A and
BoR inhibition by icatibant induced maximal hetero-
dimer formation and NO and ¢GMP formation (by
258% and 80%, respectively) (Abadir et al., 2006).
Thus, heterodimerization of the ATsR and ByR con-
tributes to the functional enhancement of NO produc-
tion in PC12W cells, but whether this occurs in other
cells is currently unknown.

6. AT9R/Dopamine Receptor D; Heterodimeriza-
tion. Dimerization of the ATe;R with the dopamine
D; receptor (D;R) has been demonstrated in human
renal proximal tubule cells by co-IP and FRET mi-
croscopy in a single study (Gildea et al., 2012). The
selective D{R agonist fenoldopam increased hetero-
dimer formation on plasma membranes by approxi-
mately 2-fold. However, no information is currently
available on the regulation or functional significance
of ATy,R-D¢R dimerization.

7. AT9R/Adiponectin Receptor Heterodimeriza-
tion. One of the most recent findings regarding AT,
R dimerization with other GPCRs is the discovery
that AToRs dimerize with adiponectin receptors (Adi-
poRs) (Zha et al., 2017). Adiponectin is an adipokine,
which in obesity and type 2 diabetes is reduced and
associated with insulin resistance and early phases of
nephropathy. However, in advanced kidney disease,
adiponectin levels are elevated and positively predict
progression of disease (Choi et al., 2020). Zha et al.
(2017) demonstrated that ATsRs (and also AT;Rs) co-
localized with AdipoR1 and AdipoR2 in renal tubular
NRK-52E cells, but co-IP could only confirm AT,R/
AdipoR2 dimers. The study further identified ATsR
homodimers and AT R/AT5R heterodimers. High glu-
cose increased AT;R and AT;R expression and all
homo- and heterodimers except for AT;R/AT.R
dimers, which decreased. Although it seems that di-
merization of the AT R with adiponectin receptors im-
paired protective adiponectin effects, understanding
the functional role of ATsR/AdipoR2 dimers requires
further investigations.

Key Points related to Section III.D on homo- and
heterodimerization are:
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® The ATyR forms homodimers and heterodimer-
izes with a variety of other GPCRs.

® The functional consequences of AT,R dimeriza-
tion are far from being completely understood.
However, it seems that the AT9R, when dimeriz-
ing with another atypical, protective GPCR (e.g.,
MAS), becomes a functional unit with the other
receptor, which causes functional interdepend-
ence. In contrast, when dimerizing with a classic
GPCR such as the AT;R, which has actions op-
posing the AT,R, the AT3R seems to interfere
with signaling of the other receptor in an inhibi-
tory way.

E. AT9R Expression and Regulation

ATsR-mediated functional effects in both physiologi-
cal and pathological situations are diverse (see Sec-
tions V and VI), and it follows that AToR expression is
equally diverse, occurring in a variety of tissues and
cells. Although the following sections will detail the
tissue expression of ATsRs (primarily in rodents and
humans), several general features of this expression
should first be considered, as well as noting limita-
tions to the methodologies that have been used to de-
termine AT,R expression.

To begin with AT9R expression in healthy adult hu-
mans or animals is, with a few exceptions, generally
low (Shanmugam and Sandberg, 1996; de Gasparo
et al., 2000), and this likely accounts for the difficulty
in identifying physiological actions of this receptor,
which is something that has been aided in recent
years by the advent of more selective AToR agonists
(Section IV). In contrast, AToR expression within
some fetal tissues is extremely high (skin and tongue
are notable examples) but declines after birth, becom-
ing low or undetectable in adults (Grady et al., 1991;
Feuillan et al., 1993; Shanmugam et al., 1995a). The
adrenal is an example for an exception to this general
pattern of ontogenetic change in tissue AT5R expres-
sion because AT9Rs are constantly abundant through-
out fetal, neonatal, and adult life (de Gasparo et al.,
2000). This general pattern of expression led some to
suggest developmental roles of the AT,R (Akishita
et al., 1999; Chamoux et al., 1999; Stoll and Unger,
2001). Another possibility is that this is a system that
is established during fetal life and that lays dormant
until needed. Indeed, as reviewed previously (Booz
and Baker, 1996; Steckelings et al., 2005b; Jones
et al., 2008; Lemarié and Schiffrin, 2010) and as de-
scribed in many of the subsequent sections, tissue
AT5R expression is elevated within diseased adult
conditions, presumably helping to exert important
protective actions (see Section VI). A further and im-
portant feature of AT9R expression is that it is higher
in females versus males in many tissues, including
kidney, heart, vasculature, adrenals, CNS, and pe-
ripheral nervous system (PNS) (Armando et al., 2002;

1073

Silva-Antonialli et al., 2004; Baiardi et al., 2005;
Macova et al., 2008; Hilliard et al., 2012; Sampson
et al., 2012b). The reasons for this elevated AT5R ex-
pression in females are at least 2-fold. First, the hu-
man gene encoding the AToR is located on the X
chromosome, so normal females carry two copies of
the gene versus one in males (Koike et al., 1994). This
might suggest greater expression and a greater role
for AT5Rs in females, with the caveat that the extra
copy of the AToR gene may undergo X-inactivation
(Schulz and Heard, 2013). Second, it is established
that AToRs are upregulated by estrogen in various
tissues (Mancina et al., 1996; Armando et al., 2002;
Silva-Antonialli et al., 2004; Suarez et al., 2004;
Baiardi et al., 2005; Macova et al., 2008; Hilliard
et al., 2013a,b) and that their levels decline postmeno-
pause (Hilliard et al., 2013a). The result of this ele-
vated AT9R expression in females is that the
cardiovascular- and renal-protective effects of ATsR
stimulation are enhanced in females versus males
(Sampson et al., 2008; Hilliard et al., 2011, 2012;
Brown et al., 2012; Sampson et al., 2012a). In sum-
mary, these general factors (young vs. adult; disease;
sex) that influence AT9R expression are considered
where appropriate in the following sections.

As will be evident from the following sections, an
array of methods has been used to assess AT9R ex-
pression. These range from receptor binding assays
(tissue and autoradiography), western blotting, im-
munofluorescence, reverse-transcription polymerase
chain reaction (RT-PCR), in situ hybridization, and
AT,R-GFP transgenic reporter mice. Although each of
these methods has provided important information,
each has drawbacks. In particular, AToR antibody
specificity has been a potential problem in AT3R re-
search as testing of three commercially available anti-
bodies indicated failure to meet rigorous standards
for specificity (Hafko et al., 2013), and at least one of
those antibodies is no longer available. Nonetheless,
other antibodies have clearly demonstrated specificity
for the AT5R (Ozono et al., 1997; Wang et al., 1998;
Kemp et al., 2014; da Silva Novaes et al., 2018), ful-
filling the criterion that antibodies should not be reac-
tive in cells, tissues, and animals that do not express
the target protein. Thus, whether an AT;R antibody
is specific and the results obtained are valid really de-
pends upon the antiserum used, and caution should
be observed before making blanket conclusions that
AT,R antibodies are “unspecific.” Furthermore, the
other techniques that have been used to assess ATsR
have their own limitations. Receptor binding assays
using radioligands are useful in detecting the pres-
ence of a receptor but lack sensitivity and rely on the
specificity of pharmacological agents used as dis-
placers. RT-PCR and in situ hybridization are excel-
lent ways of analyzing the presence of AT;R mRNA,
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but the presence of mRNA does not always mean that
protein is present (Greenbaum et al., 2003). AT.R-
GFP transgenic reporter mice allow for visualizing
the location of AT9R containing cells, particularly in
the brain, as discussed later in Section III.LE.6 (de
Kloet et al., 2016b), but these mice cannot be used to
determine the exact location of AT,R within a cell.

1. Kidney. As is the case for the majority of organs
and tissues, the renal AT5R is abundantly expressed
during fetal life, but its expression declines within
days after birth (Karnik et al., 2015). Early studies
showed a high level of AT5R expression in the embry-
onic kidney (Grone et al., 1992). In situ hybridization
subsequently demonstrated the first appearance of
AT3R mRNA in the mesonephros and metanephros at
embryonic day 12 (E12) and surrounding metanephric
S-shaped bodies at E15, but no AToR mRNA was ob-
served by in situ hybridization in the kidney after
postpartum D22 (Shanmugam et al., 1995b). RT-PCR
and radioligand binding autoradiography essentially
confirmed this pattern with the AT;R predominating
over AT R expression in the kidney throughout fetal
life (Norwood et al., 1997; Garcia-Villalba et al.,
2003). During embryonic development, ATyRs are
particularly important for ureteral bud morphogene-
sis: AToRs are expressed in ureteral bud epithelia
during metanephric development, the genetic inacti-
vation or pharmacological antagonism of which leads
to impaired ureteral bud branching by downregula-
tion of the glial cell line-derived neurotrophic factor
(GDNF)| REarranged during Transfection (RET) kinase
receptor/ Wingless/Integrated (Wnt) signaling pathway
(Oshima et al., 2001; Song et al., 2010). Deficient ure-
teral bud branching can induce a substantial reduction
in nephron endowment that can lead to renal failure (Sa-
kurai and Nigam, 1998).

Although renal AT.R expression declines after
birth, the mRNA as assessed by RT-PCR is expressed
at low levels in the normal adult kidney (Karnik
et al., 2015). The AT5R is typical of several 7-trans-
membrane G-protein—coupled receptors (e.g., dopa-
mine D; and Dy receptors) that have low levels of
mRNA but relatively higher levels of receptor protein
expression in the adult (Carey, 2013). Using a specific
antibody, Ozono et al. (1997) were first to detect and
map the distribution of AToR protein in the kidney by
immunohistochemistry and western blot analysis.
Although AT5R protein was detected in the E14 rat fe-
tus in undifferentiated mesenchymal cells surrounding
epithelial structures and at E19 in S-shaped glomeruli,
primitive tubules, and mesenchymal tissue, in young
adult (4 weeks) rats, expression was reduced but
markedly augmented by sodium restriction (Ozono
et al., 1997). Likewise, in mature rats, glomerular and
tubule staining was also markedly enhanced by so-
dium restriction (Ozono et al.,, 1997). Subsequent
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studies (Miyata et al., 1999) using RT-PCR and immu-
nohistochemistry confirmed widespread tubular and
vascular distribution of AToR mRNA and protein in
the adult kidney, including proximal tubules, collecting
ducts, arcuate arteries, afferent arterioles, and outer
medullary vasa recta, with most intense expression in
the vasculature of the renal cortex and the proximal
tubules of the outer medulla. Compared with these
sites, AToR expression in the medullary thick ascend-
ing limb and glomeruli was relatively low (Miyata
et al., 1999). However, AT3R protein was expressed in
human glomerular podocytes as shown by immunocy-
tochemistry and western blot analysis (Liebau et al.,
2006). More recent studies have unequivocally demon-
strated AT9R protein in rat renal proximal tubule cells
(cytoplasm and apical plasma membranes) by confocal
microscopy and electron microscopy immunocytochem-
istry (Kemp et al., 2014). In the renal vasculature, AT,
Rs are expressed in both muscular arterioles and also
in thin arterioles at much lower levels (Helou et al.,
2003). Regarding subcellular distribution, in addition
to cytoplasm, AT,Rs have been localized to nuclear as
well as mitochondrial compartments (Gwathmey et al.,
2009; Abadir et al., 2011a, 2012). The pattern of renal
AT.R expression, particularly in the proximal tu-
bule, is consistent with its physiological function
(see Section V.A).

2. Heart. ATyRs are expressed in fetal hearts and
in adult hearts of different species [for review, see:
de Gasparo et al. (2000), Carey (2005), and
Kaschina et al. (2014)]. Similar to other tissues, ATy
Rs are developmentally regulated with high expres-
sion in the neonatal heart and decline after birth
(Sechi et al., 1992). In addition, aging and various
cardiovascular pathological conditions also upregu-
late the expression of the AT.R (Heymes et al.,
1998). Autoradiographic studies of the rat heart
showed AT,R expression in the myocardium, in the
vascular smooth muscles of the aorta and pulmonary
arteries, in the conduction system, and less in the
coronary arteries (Sechi et al., 1992). In neonatal
and young rat hearts, AToRs were observed in the
myocardium and coronary vessels throughout the ven-
tricles (Wang et al., 1998). Using single cell RT-PCR,
Busche et al., (2000) demonstrated that in the adult
rat about 50% of cardiomyocytes contain the AT;R,
whereas only about 10% carry the AToR. After myocar-
dial infarction (MI), expression of AToRs in the rat
heart was enhanced and colocalized with inflammatory
T cells (Nio et al., 1995; Zhu et al., 2000; Altarche-Xifro
et al., 2009; Curato et al., 2010).

In human hearts, AToRs predominate, representing
~T75% of angiotensin receptors in normal and nonin-
farcted myocardium (Wharton et al.,, 1998) and
50%—-80% in ventricles from patients with end-stage
heart failure (Regitz-Zagrosek et al., 1996). AT,R
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regulation in heart disease is variable, with studies
reporting expression to be increased (Rogg et al.,
1996; Tsutsumi et al., 1998), decreased (Regitz-Zagro-
sek et al., 1995; Matsumoto et al., 2000), or un-
changed (Asano et al., 1997; Haywood et al., 1997).
However, since these studies determined changes in
AT4R expression in very different pathological entities
(ischemic heart disease, valvular dysfunction, heart
failure, cardiac fibrosis), differences in expression pat-
tern are probably not surprising. In any case, there is
generally an increased ATyR:AT R ratio in human
hearts compared with animal hearts (Widdop et al.,
2003).

Cellular localization of the AT3R in the human
heart has been examined mainly using emulsion auto-
radiography (Rogg et al., 1996; Tsutsumi et al., 1998).
Most of these studies pointed to its expression in car-
diac fibroblasts. For example, in the atrium of pa-
tients with coronary heart disease, high densities of
the AT5R were found in fibroblasts at sites of fibrosis
(Brink et al., 1996). Similarly, fibroblasts were the
major cell type expressing ATo;Rs in the hearts of pa-
tients with end-stage ischemic heart disease or di-
lated cardiomyopathy (Wharton et al., 1998) and in
failing hearts (Tsutsumi et al., 1998). In contrast, in
patients undergoing coronary artery bypass graft sur-
gery, the AToR has been localized in cardiomyocytes
(Matsumoto et al., 2000).

Rat coronary endothelial cells (CECs) express both
the AT;R and the AT5R, as demonstrated by binding
studies and by the presence of their respective mRNA
through reverse transcription polymerase chain reac-
tion (Stoll et al., 1995). Indirect evidence of the pres-
ence of AT9Rs by functional effects of blockade or
activation of this receptor was provided in rat neona-
tal cardiomyocytes and fibroblasts (van Kesteren
et al., 1997), adult rat ventricular myocytes (Fischer
et al., 1998), and primary rat cardiac fibroblasts
(Lauer et al., 2014).

3. Blood Vessels. AT9Rs have been localized in vas-
culature by a range of techniques including mRNA
detection, western blot, immunohistochemistry, Ang
II-immunofluorescence, radioligand binding, and re-
ceptor autoradiography. Vascular AToR are develop-
mentally regulated since aorta obtained at embryonic
day 18 and postnatal week 2 exhibited predominantly
AToRs compared with AT Rs, whereas this phenotype
was reversed by 8 weeks of postnatal life (Viswana-
than et al., 1991). Marked aortic AT9R expression was
also evident in 1-day old rats but not in adult rat vas-
culature (Nakajima et al., 1995). Generally, AT>Rs are
found throughout the vasculature of adult animals at
relatively lower levels than AT Rs, although their dis-
tribution is not uniform across all species and vessel
types and the ontogeny of ATR subtype expression is
likely to be vessel specific (Cox et al., 2005). Based on
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radioligand binding experiments, AT;Rs were esti-
mated to make up 35%—40% of the ATRs in rat and
monkey aorta but were poorly expressed in rabbit
aorta (Chang and Lotti, 1991; Viswanathan et al.,
1991). AT;Rs have been detected in a range of rodent
resistance vessels such as mesenteric (Matrougui
et al., 1999, 2000; Touyz et al., 1999; You et al., 2005),
coronary (Akishita et al., 2000b; Wu et al., 2002), and
femoral (Akishita et al., 2000b; Wu et al., 2001) arter-
ies; ovine uterine arteries (Burrell and Lumbers,
1997; McMullen et al., 1999); and kidney vasculature
(Zhuo et al., 1996; Matsubara, 1998; Miyata et al.,
1999), including human renal artery and arcuate and
interlobar arteries (Grone et al., 1992; Goldfarb et al.,
1994; Zhuo et al., 1996). Other human vessels re-
ported to express AToRs include coronary (Matsubara,
1998), uterine (Cox et al., 1996), and radial (Zulli
et al., 2014) arteries. AT9Rs are located in endothelial
cells and vascular smooth muscle cells in small resis-
tance arteries obtained from rats (Nora et al., 1998;
Matrougui et al., 1999; You et al., 2005), and AT2Rs
are similarly expressed in primary cultures of arterial
and venous endothelial cells (Li et al., 1999; Sohn
et al., 2000; Dao et al., 2016; Peluso et al., 2018;
Toedebusch et al., 2018).

Compared with male normotensive rodents, ATsR
expression is reported to be greater in the vasculature
(and kidney) of females (Silva-Antonialli et al., 2004;
Baiardi et al., 2005; Sampson et al., 2008, 2012a;
Brown et al., 2012; Dao et al., 2016). Both hyperten-
sive status and aging generally increase vascular
ATsRs, although there is some variation, particularly
in combination (Widdop et al., 2008). In mesenteric
vessels from hypertensive rats, levels of AT;Rs were
elevated in young rats relative to normotensives
(Touyz et al., 1999) but reduced in adults; the latter
phenotype is consistent with reduced Agtr2 and AT,
Rs in mesenteric smooth muscle obtained from hyper-
tensive versus normotensive patients (Wen et al.,
2019). Interestingly, AToR stimulation itself (Abadir
et al., 2011b; Toedebusch et al., 2018) or NO (Dao
et al., 2016) can increase Agtr2 and/or AToR levels in
various cell types including PC12W, endothelial cells,
or vascular smooth muscle cells, which occurs in a
feed-forward mechanism (Carey, 2017b).

4. Skin. Around the year 1990, a common method
of studying angiotensin receptor expression was in situ
radioligand binding (receptor autoradiography) in
whole body sections of fetal rats. Using this method,
the group of Greti Aguilera described the presence of
angiotensin receptors in skin as early as 1989 (the
year that ATyRs were discovered) (Millan et al., 1989).
Since the study was performed just before the pharma-
cological tools to distinguish between receptor subtypes
became available, the distribution of AT;Rs and ATsRs
in skin remained unresolved. The same group also



1076

described cutaneous angiotensin receptors in the skin
of cynomolgus monkey and human fetuses (Zemel
et al.,, 1990). Several follow up studies in the early
1990s used the same technique but in combination
with selective AT;R/AT5R ligands for displacement of
the radioligand to identify the respective receptor sub-
type. These studies uniformly reported that the AToR
is the dominating angiotensin receptor in skin from
fetal rats (Tsutsumi et al., 1991; Feuillan et al., 1993;
Grady and Kalinyak, 1993). It was further reported
that the AT.R is still expressed in skin of adult rats
and humans but not at a higher density than the AT,
R, as occurs in fetal life (Gyurko et al., 1992; Kimura
et al., 1992; Viswanathan and Saavedra, 1992; Steckel-
ings et al., 2004; Steckelings et al., 2005a). AT;Rs were
further detected in skin annexes such as eccrine and
apocrine sweat glands (Takeda and Kondo, 2001), se-
baceous glands (Hao et al.,, 2011), and hair follicles
(Jadhav et al., 2013). Expression of the AT5R in human
skin was recently confirmed by an evaluation of mi-
croarray data sets derived from the Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo/)
(Nehme et al., 2015). Studies in primary cutaneous cells
allowed identification of the specific cell types express-
ing angiotensin receptors. In humans, both receptor
subtypes were present in keratinocytes, fibroblasts, and
dermal microvascular endothelial cells, but in melano-
cytes only AT Rs were found (Steckelings et al., 2004).

Angiotensin receptor expression during skin wound
healing is quite well studied and seems to undergo
dynamic changes during the three-phasic healing pro-
cess consisting of 1) hemostasis and inflammation,
2) proliferation, and 3) remodeling and scar formation
(Aleksiejczuk et al., 2019; Silva et al., 2020). Details
will be discussed in Section VI.D.

Despite strong evidence for AT;R/AT5R expression
in the skin of various species, which is based on a
multitude of studies, general knowledge of the exis-
tence of a cutaneous RAS is rather limited, probably
because skin is not commonly associated with the
RAS, which is still mainly regarded as a hormonal
system associated with cardiovascular function.

5. Lungs. Similar to most other organs, AT;Rs are
expressed in the lung during fetal life. As shown by in
situ hybridization and receptor autoradiography in
rats from 17 days of gestation until day 10 postpar-
tum, receptor expression is most abundant in the
bronchial tree but absent in lung parenchyma (Tsut-
sumi et al., 1991; Shanmugam et al., 1996).

In adult rats and humans, AT;R expression in
healthy lung is low and is often close to the detection
limit (Zhao et al., 1996; Chassagne et al., 2000; Parra
et al., 2014; Bruce et al., 2015). In humans, AT5Rs
were found in alveolar septae (Parra et al., 2014), in
airway epithelial cells of the brush border, in mucous
glands, and with lower density in vascular endothelial
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cells and fibroblasts, as determined by in situ hybridi-
zation and immunostaining (Bullock et al., 2001).

Looking at the cellular level in vitro, expression of
the AToR was reported in rat and human alveolar epi-
thelial cells (AECs) and in primary mouse lung fibro-
blasts (Wang et al., 1999; Papp et al., 2002; Bechara
et al., 2003; Konigshoff et al., 2007; Nalbandyan
et al., 2018).

Several publications report an increase in AT.R
expression in lung diseases in humans such as pul-
monary hypertension (PH) (Chassagne et al., 2000),
ethanol intoxication in vitro (Bechara et al., 2003),
systemic sclerosis, and idiopathic pulmonary fibrosis
as well as in related animal models (Konigshoff
et al., 2007; Parra et al., 2014; Rathinasabapathy
et al., 2018). In contrast, in other diseases (chronic
hypoxia, interstitial pneumonia), receptor expres-
sion appears unchanged (Zhao et al., 1996; Parra
et al., 2014) or even decreased, as in chronic obstruc-
tive pulmonary disease (COPD) in humans (Bullock
et al., 2001).

6. Nervous System. The view of ATsR localization
in the CNS has evolved considerably. Initial studies
used receptor autoradiography or radioligand mem-
brane binding and demonstrated that the level of
ATsR-specific binding is high and very widespread in
embryonic and neonatal tissues from rodents, includ-
ing in the brain (Cook et al., 1991; Grady et al., 1991;
Tsutsumi and Saavedra, 1991). These studies also in-
dicated that in adult rodent and human brain, ATsR
expression is more limited and localized. In adult ro-
dents, the highest densities of AToRs were shown to
be present in areas such as the inferior olive, locus
coeruleus, medial amygdala, the medial geniculate
nucleus, the superior colliculus, and the tractus olfac-
torius lateralis (Chang et al., 1990; Gehlert et al.,
1991; Obermiiller et al., 1991; Rowe et al., 1992; Song
et al., 1992; Tsutsumi and Saavedra, 1992), none of
which has direct involvement in the well established
CNS actions of Ang II to increase water intake and
BP. In contrast to rodents, adult (aged) human brain
also displayed ATsR binding in the cerebellum and
the substantia nigra (SN) (Barnes et al., 1991, 1993;
MacGregor et al., 1995). The location of AT.Rs in
adult rat brain was largely confirmed by mRNA de-
tection via in situ hybridization studies, which also
revealed the presence of ATsR mRNA within the soli-
tary tract nucleus (NTS), cerebellum, and SN (Johren
et al., 1995; Lenkei et al., 1996). Within the spinal
cord, adult rats contain ATosR mRNA and protein in
the thoracic region, specifically at the intermediolat-
eral cell column (IML) (Ahmad et al., 2003; Chao
et al., 2013), a relay point for sympathetic outflow
from the CNS. The recent development of an ATyR-
eGFP (enhanced GFP) transgenic reporter mouse and
highly sensitive fluorescence in situ hybridization for
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the detection of AToR mRNA have not only confirmed
previous findings but have led to a number of major
advances (de Kloet et al., 2016b; Sumners et al.,
2020). Namely, the AT9R-eGFP reporter mouse has
revealed a detailed regional pattern of ATyR-positive
cells within adult rodent CNS. This includes their
presence in the cerebral cortex, within cardiovascular
control centers such as the NTS and rostral ventrolat-
eral medulla (RVLM), and their location adjacent to
the paraventricular nucleus of the hypothalamus
(PVN), an area that is critical for neurohormonal reg-
ulation and sympathetic outflow. These results were
supported by fluorescence in situ hybridization (de
Kloet et al., 2016b). This transgenic model has also al-
lowed for phenotyping of the specific neuron popula-
tions that contain AToRs such as Gamma aminobutyric
acid (GABA), glutamate, cholinergic, and catecholamin-
ergic pathways (de Kloet et al., 2016b), which aids in
understanding the mechanisms underlying any func-
tional effects of CNS AT,Rs. As a whole, these studies
have revealed that AT;Rs are present in CNS areas and
neuronal pathways that are associated with functional
effects of activation of these receptors under normal
and disease conditions, as described in Sections V.B and
VLFE.

Unlike the CNS, the location of AT5R in the PNS is
a controversial topic, as recently reviewed (Danigo
et al., 2021). The first study to indicate an association
of AT9Rs with peripheral nerves demonstrated an up-
regulation of ATsR mRNA in the dorsal root ganglia
(DRG) and sciatic nerve after transection of the latter
(Gallinat et al., 1998). Their conclusion was that the
ATRs were most likely associated with Schwann cells
rather than the nerve fibers themselves. More recent
studies from rats and humans have demonstrated ATy
on DRG and spinal neurons. Specifically, immunohis-
tochemical studies in rats have shown strong AT9R-
immunopositive staining in nonpeptidergic isolectin
B4 (IB4+) C-nociceptor neurons in adult rat DRG
(Benitez et al., 2020). The same study also demon-
strated that AToR immunoreactivity is present,
though to a lesser degree, in some peptidergic small C
fibers as well as in medium Ad-neurons and large Ao-
and Af-neurons (Benitez et al., 2020). ATsR-immuno-
reactivity has also been observed in small-diameter
DRG neurons and various nerve endings from hu-
mans (Anand et al., 2015). The picture of AT5R loca-
tion in the PNS is further muddied by a recent study,
which demonstrated that these receptors are not lo-
calized on DRG neurons derived from mice and hu-
mans (Shepherd et al., 2018a). This study included
the use of AT,R-eGFP reporter mice and demonstrated
that DRG neurons from these animals lack the AToR
gene (Shepherd et al., 2018a). Rather, the authors dem-
onstrated the presence of AToR on peripheral macro-
phages and suggest that their activation triggers DRG
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sensory neuron activation in mice and humans
(Shepherd et al., 2018a). In summary, although it
is possible that there are species differences in the
location of ATsRs in the PNS, further studies are
required using a technique such as fluorescence in
situ hybridization that would enable discrete local-
ization of receptors in peripheral nerves and sur-
rounding cells in both humans and rodents.

7. Pancreas. The AT5R is expressed in both exo-
crine and endocrine cells of the pancreas. Early radio-
ligand binding studies demonstrated that pancreatic
exocrine acinar AR42J cells express Ang II specific
binding sites that are mostly AT.Rs, with only
10%-15% AT Rs (Chappell et al., 1995), and receptor
autoradiographic studies revealed that AT>Rs are ex-
pressed throughout the primate pancreas with the
highest density present in exocrine acinar -cells
(Chappell et al., 2001). Localization of AT9Rs within
the exocrine pancreas was further demonstrated by
detection of AT9R mRNA in isolated acinar cells from
rat (Tsang et al., 2004).

With regard to the endocrine pancreas, AT;Rs are
expressed in the islets of Langerhans (Lau et al.,,
2004; Wong et al., 2004; Shao et al., 2013), ductal
(Leung et al., 1997b), and stellate cells (Hama et al.,
2004). AT9Rs have been shown to be colocalized with
somatostatin containing delta cells in the pancreatic
islets (Wong et al., 2004), and other studies have dem-
onstrated that the AT5R agonist C21 is insulinotropic
in pancreatic islets (Shao et al., 2013). Finally, ATsRs
are expressed in human and rodent fetal pancreatic
progenitor cells (Leung et al., 2012), consistent with
their role in f-cell development.

8. Adrenal. The localization of AT9Rs within the
adult adrenal gland is well defined. In the rat, radioli-
gand binding, receptor autoradiography, and tradi-
tional in situ hybridization approaches have revealed
high levels of AT;Rs within the adrenal medulla
(Balla et al., 1991; Heemskerk and Saavedra, 1995;
Israel et al., 1995; Lu et al., 1995; Shanmugam et al.,
1995a; Belloni et al., 1998; Harada et al., 2010), con-
sistent with its described role at this site in the sym-
pathoadrenal response to various stress stimuli
(Belloni et al., 1998; Armando et al., 2004; Saavedra
and Armando, 2018). Interestingly, rat adrenal zona
glomerulosa also contains small amounts of AT;Rs
(Shanmugam et al., 1995a; Belloni et al., 1998;
Macova et al.,, 2008; Harada et al., 2010; Premer
et al., 2013), but these sites have no direct action on
aldosterone secretion (Armando et al., 2004; Peters
et al., 2012). Consistent with rats, adult human adre-
nals express ATyRs, primarily in the medulla and
with low amounts in the zona glomerulosa (Breault
et al., 1996; Harada et al., 2010; Vanderriele et al.,
2018), although functional effects have yet to be
described.
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9. Liver. Expression of AToRs in the liver is a con-
troversial topic, with different conclusions reached
based on the type of detection method. Based upon
mRNA and receptor binding analyses, AT;R expres-
sion in the liver of rodents and humans appears non-
existent or minimal (Bataller et al., 2000, 2003; Paizis
et al., 2002; Nabeshima et al., 2006). However, the
presence of AT,R in the liver seems to be supported
by findings that carbon tetrachloride (CCly)-induced
liver fibrosis was greater in AT;R-KO compared with
wild-type mice, but such antifibrotic effects could be
secondary as the AT,R deletion was not liver specific
(Nabeshima et al., 2006). Furthermore, and in con-
trast to the mRNA and receptor binding analyses,
studies utilizing immunohistochemistry and western
blotting with AT.R antibodies have suggested the
presence of AT9Rs in rat liver (Wong et al., 2004; Yu
et al., 2010). However, as mentioned at the start of
Section III, there is controversy surrounding some of
the available ATyR antibodies (Hafko et al., 2013),
and one of these studies (Yu et al., 2010) used one of
the controversial antibodies. Thus, based on the data
that is available so far, it is difficult to conclude
whether liver contains AT,Rs.

10. Intestine. The presence of low levels of ATsRs
within the ileum, jejunum, and colon of rat intestine
was first detected using receptor autoradiography (Se-
chi et al., 1993) and has been confirmed within the il-
eum and jejunum using RT-PCR, western blotting,
and immunohistochemistry (Ewert et al., 2003b;
Wong et al., 2007). In rat colon, a functional assay
confirmed the presence of AToRs in the muscular
layer that promotes colonic relaxation (Ferreira-
Duarte et al., 2021). AT;Rs are also present within
rat duodenal villi, as shown by immunohistochemis-
try (Johansson et al., 2001). The location of ATsRs
within human intestine is largely consistent with
rats; western blotting and immunohistochemistry
demonstrated that they are present in the duodenum
(Spak et al., 2019) and jejunum (Casselbrant et al.,
2015). AT5Rs are only weakly expressed in the muco-
sal layer of the human colon (Hirasawa et al., 2002).
The described locations of AT9Rs within these intesti-
nal regions is consistent with physiological effects on
epithelial ion transport and glucose transport, as de-
scribed in Section V.D.

11. Eyes. In the retinas of young and adult ro-
dents and in humans, AT9Rs are located in cells and
blood vessels within the ganglion cell layer, in the in-
ner nuclear cell layer, in Muller glial cells, and in reti-
nal pigment epithelial cells (RPEs) (Wheeler-Schilling
et al., 1999; Sarlos et al., 2003; Sarlos and Wilkinson-
Berka, 2005; Kurihara et al., 2006; Senanayake et al.,
2007; Downie et al., 2009; Vaajanen et al., 2010;
Verma et al., 2019). One study, using immunolabel-
ing, has demonstrated that rats at postnatal day 1
possess AToRs within the hyaloid vessels, a circulatory
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system that exists transiently and nourishes the devel-
oping retina and lens (Sarlos and Wilkinson-Berka,
2005). With regard to nonretinal eye tissues, the pres-
ence of AT9R mRNA has been demonstrated within the
choroid and iris/ciliary body of rats (Wheeler-Schilling
et al., 1999). The demonstrated locations of AT.Rs in
the eye are consistent with functional effects as re-
viewed in Section VI.I.

12. Reproductive Organs. Male: Ligand binding
studies, supported by mRNA measurement, in rat tes-
tes revealed that AT,R expression was highest during
early days after birth and decreased with age, and by
the fourth week, the receptor expression was very low
(Kanehara et al.,, 1998). The ATsR expression was
mainly localized in interstitial area and seminiferous
tubules, as shown by microscopic emulsion autoradi-
ography of testes (Kanehara et al., 1998). Both mouse
and human sperm express ATsR protein and mRNA
(Wennemuth et al., 1999; Gianzo et al., 2016). The re-
ceptor expression levels in humans correlated well
with the sperm motility in fresh semen and prepared
sperm cells (Gianzo et al., 2016). Epididymis, particu-
larly the basal region, also expresses ATsRs (Leung
et al., 1997a).

Female: Human myometrium and uterine leio-
myoma express ATy;Rs (ligand binding studies) that
are significantly decreased during pregnancy and by
oral contraceptives, particularly in myometrium
(Matsumoto et al., 2000). Human endometrial tissues
also express AT9Rs (Nakajima et al., 2018). Contrary
to the human myometrium and uterine leiomyomas,
rat uterine arteries express higher levels of AT;Rs
during pregnancy (Mishra et al., 2018). Several stud-
ies have reported that ATsR proteins and mRNA are
expressed in granulosa cells of rat atretic follicles
(Daud et al., 1988; Tanaka et al., 1995; Obermiller
et al., 1998, 2004; Kotani et al., 1999), and that AT9Rs
are involved in the onset and progression of follicle
atresia through induction of granulosa cell apoptosis
(Tanaka et al., 1995; Kotani et al., 1999). Other studies
performed in rabbits and cows suggest that AT5Rs are
expressed in various parts of the ovary, particularly in
follicles (Nielsen et al., 1994; Yoshimura et al., 1996;
Schauser et al., 2001).

Key Points related to Section III.E on AT3R expres-
sion and regulation are:

® The introduction of newer, sensitive techniques
has revealed that AT3R expression is more wide-
spread than originally thought, occurring in a
range of tissues and cells. Nonetheless, the ATsR
expression level is, with few exceptions, gener-
ally low in healthy adults, whereas certain em-
bryonic and neonatal tissues transiently express
high levels of AToR.
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® AT,;R expression is elevated during certain dis-
ease conditions, likely contributing to the protec-
tive actions of AT,R agonists.

® FKlevated AT;R expression in females versus
males is possibly a reflection of AGTR2/Agtr2 lo-
cation on the X chromosome and certainly be-
cause estrogen upregulates AT3R expression.

IV. AT;-Receptor Selective Ligands

A. Peptide Agonists

1. Angiotensin Peptides As ATs-Receptor Agonists. A
number of natural and modified Ang peptides and
synthetic ligands (Figs. 6-8) will be discussed, with
AT,R properties of key examples listed in Table 1,
some of which are also reviewed elsewhere (Jones
et al., 2008; Hallberg et al., 2017; Ranjit et al., 2021).

a. Ang II. The octapeptide Ang II (Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe) exhibits similar nanomolar affin-
ity for both AT Rs and ATsRs, with a slight selectivity
for the AT5R subtype (Timmermans et al., 1991;
Bosnyak et al., 2011; Jones et al., 2011; Del Borgo
et al., 2015). However, functional ATsR effects medi-
ated by Ang II are generally not manifest unless the
predominant AT;R-mediated effects are inhibited (see
Sections V and VI).

b. Ang III. Differences between Ang II and Ang
III have been extensively documented describing sub-
tle changes in the physiological responses before the
discovery of ATR subtypes (Regoli et al., 1974a; de
Gasparo et al., 2000). APA-catalyzed removal of the
Asp? residue in the N-terminal of Ang II provides the
heptapeptide Ang III that acts similarly to Ang II on
AT;Rs but is less potent. Ang III exhibits a slightly
higher AT,R:ATR affinity ratio than Ang II (Bosnyak
et al., 2011; Del Borgo et al., 2015), meaning that the
Asp? residue is not essential for AToR affinity (Regoli
et al., 1974b; Bouley et al., 1998; Rosenstrom et al.,
2004a) but that its removal by APA actually enables
Ang III to activate ATyRs, particularly in the kidney,
where it is thought to act as an important endogenous
AT5R agonist (see Section VI.A). Despite the higher
affinity of Ang III for the AT,R, interference with the
AT, R-agonistic properties of Ang III in the brain is used
therapeutically by centrally acting APA inhibitors for
the treatment of hypertension, which are currently be-
ing tested in phase III clinical trials (Llorens-Cortes
and Touyz, 2020).

c. Ang-(1-7). Interest in this N-terminal hepta-
peptide gained significant momentum with the dis-
covery of angiotensin-converting enzyme-2 (ACE2),
which catalyzes Ang-(1-7) production from Ang II or
Ang I (Turner et al., 2004). Cleavage of the Pro’
-Phe® bond in the C-terminal of Ang II by ACE2 has
a significant impact on biologic function and delivers the
heptapeptide Ang-(1-7), which is part of the protective
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RAS and counteracts AT;R functions (Santos et al.,
2000; Santos and Ferreira, 2007). Ang-(1-7) is gener-
ally considered to signal via the receptor MAS (Santos
et al., 2003, 2006), although it may also act as a low-af-
finity AToR agonist. For example, Ang-(1-7) exhibits a
40-fold selectivity for AToRs over ATRs in radioligand
binding studies, although its ATsR affinity is ~500-fold
less than that of Ang II (ICsq value ~0.2 uM) (Bosnyak
et al., 2011). Ang-(1-7) effects could be blocked by the
AT5R antagonist PD123319 (De Souza et al., 2004;
Castro et al., 2005; Walters et al., 2005; Lara et al.,
2006; Bosnyak et al., 2012). However, PD123319 is not
only an antagonist for the ATeR but also for the MAS-
related G-protein—coupled receptor D (MrgD), the re-
ceptor for alamandine, which is derived from Ang-(1-7)
by decarboxylation (Lautner et al., 2013).

d. Ang-(1-9). The nonapeptide angiotensin-(1-9)
[Ang-(1-9)], containing a histidine residue at the C-ter-
minal, is formed from Angiotensin I after hydrolysis of
the carboxy terminal leucine by ACE2 and was gener-
ally not considered to be biologically active. However,
Ang-(1-9) evoked antihypertrophic and antifibrotic ef-
fects in cardiac tissue in vitro and in vivo, in part via
AT5R activation (Ocaranza et al., 2010, 2014; Flores-
Munoz et al., 2011; Flores-Munoz et al., 2012), al-
though Ang-(1-9) binds with only moderate affinity at
the AT9R, which was >100-fold lower than Ang II at
AT5R (Flores-Munoz et al., 2011). Ang-(1-9) is reported
to inhibit cardiac ACE and to potentiate BK signaling
at concentrations that are at least 10-fold lower than
its pKi for AT>R (Erdos et al., 2002), which may con-
tribute to the effects reported. Local gene delivery of
Ang-(1-9) to the heart protected against MI-induced in-
jury (Fattah et al., 2016), although the ATR subtype
involvement was not investigated.

e. Ang IV. Cleavage of the Arg®Val® bond pro-
vides the hexapeptide angiotensin IV (Ang IV) with a
100-fold lower AT,R affinity than Ang II and Ang III,
demonstrating the importance of the Arg? residue for
binding of Ang II analogs to the receptor. Interest-
ingly, Ang IV exhibited ~5-fold greater AToR:AT:R se-
lectivity than Ang-(1-7) (Bosnyak et al., 2011). Ang IV
exhibits a very different pharmacological profile than
Ang II (Harding et al., 1994; Wright et al., 1996) and
acts as a cognitive enhancer in experimental models
(Braszko et al., 1988), a finding that prompted the
search for Ang IV peptidomimetics as a new class of
potential pharmaceutical agents for treatment of cog-
nitive disorders (Albiston et al., 2008; Hallberg, 2009;
Hallberg and Larhed, 2020). The effects of Ang IV are
complex, as it is also an endogenous inhibitor of the
enzyme insulin-regulated aminopeptidase (Albiston
et al., 2001, 2008) and exerts vasoprotective effects
that were inhibited by ATsR blockade (Vinh et al.,
2008a,b).
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Fig. 6. Five endogenous angiotensin peptides (left) and five modified angiotensin peptides (right) that are useful research tools.

2. Synthetic Peptides Acting on the AT9R.

a. Sar’-Ang II, Sar' Ile®-Ang II, and Sar' Val®
Ala®-Ang II.  The octapeptides sarile (Sar’-Ile®-Ang II)
and saralasin (Sar'-Val®-Ala®-Ang II) were used as Ang II
receptor blockers in clinical studies several decades ago
(Pals et al., 1971; Hata et al., 1978), prior to the introduc-
tion of the ACE inhibitors (Ondetti et al., 1977). Both pep-
tides encompass a sarcosine (Sar) amino acid residue in
the N-terminal, whereas the Phe® in the C-terminal of

Ang II is replaced with Ile® in sarile and Ala® in saralasin.
(Fig. 6) The two octapeptides bind both to AT;Rs and AT,
Rs with approximately the same affinity (Criscione et al.,
1990). The C-terminal determines the functional response
when binding to ATRs (i.e., AT;R agonism with a C-ter-
minal Phe® and AT,R antagonism or partial agonism
with an aliphatic side chain, as in the case of sarile and
saralasin) (Aumelas et al., 1985). Recently, it was re-
ported that sarile and saralasin act as ATsR agonists
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Fig. 7. Structural similarities of the short peptides A and B with C21, all acting as ATyR-selective agonists are shown. The nonselective thiophene derivative
1-162,313 was the starting point for the synthesis of C21. Proposed molecular interactions when C21 binds to AToR are depicted on the right-hand side of the
figure. As deduced from modeling and molecular dynamic simulations, C21 is engaged in electrostatic interactions with the positively charged K215°42 and
R182%% of AT,R, and a hydrogen bond between NH of the sulfonyl carbamate and T125%33 is created. The aliphatic chain of the butyloxycarbonyl group is ex-
tending parallel to the K215°42 sidechain, and the isobutyl group of C21 is occupying a hydrophobic cavity formed by residues from TM2, TM3, TM6, and
TM?7. The imidazole ring forms a hydrogen bond with Y104%%° and thereby provides a second electrostatic anchoring point of importance.

and induce neurite outgrowth in NG108-15 cells (Gui-
mond et al., 2014). Hence, it is tempting to speculate
that AT9R activation rather than AT;R blockade might
account for some of the previously reported data ob-
tained with sarile and saralasin as ligands.

b. CGP 42112A. The AT,R selective peptide ligand
CGP42112A (AT,R; inhibition constant [K;] = 568 nM
and AT9R; K; = 0.73 nM) has been used as a valuable
research tool and prototype AT.R agonist for many
years (Whitebread et al., 1989) (Fig. 6). The C-terminal
of CGP42112A comprises His-Pro-Ile, as in the C-termi-
nal of the nonselective peptide sarile. The nicotinyl am-
ide function in the N-terminal of CGP42112A
underscores that the Asp® residue is not important for
binding affinity to the ATsR (Yee et al., 1998; Hines
et al., 2001), which fits with more recent studies using
Ang III analogs (Del Borgo et al., 2015). Interestingly, it
is notable that CGP42112A is lacking the Arg? residue
in the N-terminal that is considered crucial for AToR
affinity in linear Ang II analogs (Heerding et al., 1997;
Knowle et al., 2001; Skold et al., 2008), based on Ala
(Miura and Karnik, 1999) and Glu (Rosenstrom et al.,
2004a) scans. A large series of Ang analogs comprising
a variety of turn mimetics have been synthesized and
examined in efforts to determine bioactive conforma-
tions at AToR (Rosenstrom et al., 2004b; Georgsson
et al., 2005; Rosenstrom et al., 2006).

c. Position 6 substitutions. The octapeptide (p-
amino-Phe®)-Ang II (AT.R; K, = 0.7 nM) provides a
second example of a selective AToR agonist applied as
a research tool, although it is less commonly used
than CGP42112A (Speth and Kim, 1990). In the
C-terminal of (p-amino-Phe®)-Ang II, a 4-amino-Phe-
Pro-Phe tripeptide fragment replaces the His®-Pro’-
Phe® residues of Ang II (Fig. 6). Additionally, replace-
ment of the histidine residue in position 6 of Ang II
for a tyrosine also resulted in a highly selective ATsR
ligand ([Y]®-Ang II) deduced from binding studies
(Magnani et al., 2014), which, together with triazole-
Tyr®-Ang II analogs, exhibited agonist activity since
they promoted neurite outgrowth (Vrettos et al.,
2020) and inhibited MCF-7 breast carcinoma cellular
proliferation (Magnani et al., 2014).

d. Beta-amino acid substituted Ang peptides. An-
other strategy used to develop AT;R-selective peptides
has been to incorporate f-amino acid substitutions in
the peptide backbone. Initial f-amino acid scans using
Ang IT as a template resulted in ligands with high AT,
R selectivity (~1000-fold greater than for the AT;R
based on radioligand binding studies), exemplified by
methylene group extended peptides f-Tyr*-Ang II and
p-Tle®>-Ang II (Jones et al., 2011). These peptides be-
haved as agonists and evoked vasodilator responses
in vitro and in vivo. Given the modest AT5R selectivity
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Fig. 8. The AT,R-selective agonists C21, C, D, E, F, and G that induce neurite outgrowth in NG108-15 cell assays and the AT3R selective ligands C38
(M132), PD123319, PD123177, and EMA401 that are reported to act as antagonists at ATsR.

of Ang III over Ang II (Bosnyak et al., 2011), analogous
f-amino acid scans were performed using an Ang III
template culminating in f-Pro’-Ang III (Fig. 6). This
peptide exhibited a >20,000-fold AT>R:AT;R selectivity
and evoked vasorelaxation and marked vasodepressor
effects in conscious SHR against a background of AT R
blockade that was sensitive to blockade by PD123319,
indicative of AToR agonism (Del Borgo et al., 2015).
More recently, f-Pro’-Ang III evoked renal vasodila-
tion and caused natriuresis similarly to Ang III in nor-
motensive rats during AT;R blockade (Krause et al.,
2020), highlighting it as a useful selective tool to inter-
rogate AT9R function.

e. Other synthetic peptides as ATsR agonists. The
lanthipeptide LP2/3 [dKcAng-(1-7)], also known as
MOR107, is a cyclic peptide that resists enzymatic
degradation through an introduction of a D-lysine
in the N terminus. No published data are available
on the relative AT3R selectivity of this compound,
which evoked protective effects in an hyperoxic
lung injury model (Wagenaar et al., 2013, 2014). A
pharmacokinetic and safety phase I study demon-
strated that LP2/3 was relatively stable, with a ter-
minal half-life of ~2 hours in plasma (Namsolleck
et al., 2021). The hexapeptide novokinin (Arg-Pro-
Leu-Lys-Pro-Trp) exerted low micromolar affinity in
ATsR-transfected Hela cells and evoked vasorelaxa-
tion that was blocked by PD123319 (Yamada et al.,
2008a,b). Another hexapeptide, NP-6A4 (Lys-4Hyp-Leu-
Lys-Pro-Trp), containing a 4-hydroxyproline residue, has

been reported to be a selective AToR peptide agonist and
exerted beneficial effects in models of cardiometabolic
disease (Mahmood and Pulakat, 2015; Sharma et al.,,
2020; Gavini et al., 2021), although data for the AT,R af-
finity of NP-6A4 are not available.

3. From Peptides to Small Druglike Molecules.
Truncation of the three amino acid residues in the
N-terminal of Ang II and subsequent N-acetylation
delivered the AT9R selective pentapeptide A, with a
K; value of 37.9 nM. Further structural elaborations,
including replacement of the C-terminal phenylala-
nine for an isoleucine residue, allowed identification
of the selective agonist B with a K; of 0.5 nM and
characterized by the hydroxyphenyl moiety, an imid-
azole ring, a lipophilic side chain, and a C-terminal
carboxy group (Georgsson et al., 2006). Even shorter
fragments lacking the Tyr or Tyr mimicking resi-
dues have been reported, but it is not clear whether
these ATyR selective ligands that demonstrate a
more than 10-fold lower AT5R affinity than B act as
agonists or not (Georgsson et al., 2007). As deduced
from modeling relying on the structure of the re-
ported ATyR/sarile complex (Asada et al., 2018), it is
suggested that the short peptides A and B depicted
in Fig. 7, which both induce neurite outgrowth in
NG108-15 cells, adopt a very similar conformation
as the AT5R agonist C21, originally derived from the
nonselective AT R/AT,R ligand L-162,313 (Vasile
et al., 2020).
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TABLE 1
Angiotensin receptor ligands
Preparations: Radioligand Assay ATR K; (A) or AT9R K; (A) or ATyR-Fold
Compounds AT, R; AToR Conditions IC50 Values (B) (nM)* ICsq Values (B) (nM) Selectivity References
Historical ATR Subtype Elucidation from Seminal Publications
CGP42112A Rat VSMC; 1251 Ang IT; 1750 (A) 0.45 (A) 3889 (Whitebread et al., 1989)
human uterus® membranes
Losartan (EX 89) Rat VSMC; 1251 Ang 1II; 26.2 (A) 100,0000 (A) 3817 (AT;R)  (Whitebread et al., 1989)
human uterus membranes
Ang III Rat VSMC; 125 Ang II; 1.95 (A) 0.38 (A) 5.1 (Whitebread et al., 1989)
human uterus® membranes
EXP655 Rat adrenals; 2- 125T_Ang II; 100,000 (B) 100 (B) 1000 (Chiu et al., 1989)
(PD123319 site fit® microsomes
analog)
Losartan Rat adrenals; 2-  ®I-Ang II; 17 (B) 100,000 (B) 5882 (AT;R)  (Chiu et al., 1989)
(DuP753) site fit microsomes
Ang II Rat liver; rabbit SH-Ang II; 1.02 (B) 2.50 (B) 0.4 (Dudley et al., 1990)
uterus® membranes
Ang 111 Rat liver; rabbit SH-Ang II; 5.57 (B) 1.74 (B) 3.3 (Dudley et al., 1990)
uterus® membranes
PD123319 Rat liver; rabbit SH-Ang II; >10,000 (B) 21.2 (B) 472 (Dudley et al., 1990)
uterus® membranes
Losartan Rat liver; rabbit SH-Ang II; 7.52 (B) >10,000 (B) 1330 (AT;R)  (Dudley et al., 1990)
(Dup753) uterus® membranes
Ang II Rat adrenals; 2-  '®I-Ang II; 0.89 (B) 0.73 (B) 1.2 (Chang and Lotti, 1990)
site fit? membranes
Ang TIT Rat adrenals; 2-  '25T-Ang IT; 1.3 (B) 0.11 (B) 11.8 (Chang and Lotti, 1990)
site fit? membranes
WL-19 Rat adrenals; 2- 1251 Ang 1II; (AT;R blocked) 19 (B) (Chang and Lotti, 1990)
(PD121981) site fit? membranes
Losartan Rat adrenals; 2-  1%°I-Ang II; 24 (B) (AT3R blocked) (Chang and Lotti, 1990)
(DuP753) site fit? membranes
PD123319 Rat adrenals 125T_Ang II; >10,000 (B) 34 (B) 294 (Blankley et al., 1991)
membranes (negligible)
Ang II Rat liver, PC12W  %[-Sar!-Ile®-Ang 2.6 (B) 2.1 (B) 1.2 (Speth and Kim, 1990)
cells IT; membranes
Losartan Rat liver, PC12W  '%°I-Sar!-Tle®-Ang 54.8 (B) 271,000 (B) 4945 (AT;R)  (Speth and Kim, 1990)
cells II; membranes
4-amino-Phe®- Rat liver, PC12W  %[-Sar!-Ile®-Ang 8,637 (B) 12.2 (B) 708 (Speth and Kim, 1990)

Ang I1 cells II; membranes
Nonselective Synthetic ATR Ligands

Sarl-Ile®-Ang II  Rat VSMC; 1251_Ang II; 0.64 (A) 0.45 (A) 1.4 (Whitebread et al., 1989)
(Sarile) human uterus' membranes

Sar!-Tle®-Ang II  Rat adrenals; 2- 1251 Ang 1II; 0.18 (B) 0.18 (B) 1 (Chang and Lotti, 1990)
(Sarile) site fit? membranes

Sarl-Ile®-Ang II  Rat liver; rabbit  °H-Ang II; 7.8 (B) 3.48 (B) 2.2 (Dudley et al., 1990)
(Sarile) uterus® membranes

Sar'-Ile®-Ang II  Rat VSMC; 125T_Ang II; 0.65 (A) 0.14 (A) 4.6 (Criscione et al., 1990)
(Sarile) human uterus membranes

Sar!-Val®-Ile8- Rat liver; rabbit  *H-Ang II; 1.69 (B) 1.32 (B) 1.3 (Dudley et al., 1990)
Ang I1 uterus® membranes
(Saralasin)

Sar!-Val®-Ile8- Rat VSMC; 1251 Ang II; 0.22 (A) 0.38 (A) 0.6 (Criscione et al., 1990)
Ang II human uterus' membranes
(Saralasin)

L-162,313 Rat liver, pig 1251 Ang II; 3.9 (A) 2.8 (A) 1.3 (Wan et al., 2004a)

uterus membranes

Endogenous Ang Peptides and Selective ATeR Ligands

4-amino-Phe®-
Ang II
4-amino-Phe®-
Ang II
CGP42112A
CGP42112A
CGP42112A
CGP42112A
Ang 11
Ang 11

Ang I

Rat liver, pig
uterus

Rat liver, pig
uterus

Rat VSMC;

human uterus®
Rat AT,R; ATR-
HEK-293 cells
Rat AT,R; AT3R-
HEK-293 cells
Rat AT,R; AT;R-
HEK-293 cells
Rat AT,R; AT.R-
HEK-293 cells
Rat AT,R; ATR-
HEK-293 cells
Rat AT,R; ATR-
HEK-293 cells

1251 Ang 1II; >10,000 (A) 1.4 (A) 7143
membranes

1251 Ang II; >10,000 (A) 0.9 (A) 11,111
membranes

1251 Ang IT; 1,760 (A) 0.24 (A) 7333
membranes

1251 Sar!-Tle®-Ang >10,000 (B) 0.23 (B) 42,863
IT; whole cells

1251_Ang II, whole 2,700 (B) 0.56 (B) 4821
cells

1257_Sarl-Tle®-Ang 2,370 (B) 0.13 (B) 18,136
IT; whole cells

1251_Sarl-Tle®-Ang 7.92 (B) 0.52 (B) 15
II; whole cells

1251_Ang II; whole 3.29 (B) 0.65 (B) 5.0
cells

125T_Sarl-Tle®-Ang 1.85 (B) 0.49 (B) 4

II; whole cells

(Johannesson et al., 2004)
(Rosenstrom et al., 2005)
(Criscione et al., 1990)
(Bosnyak et al., 2011)
(Magnani et al., 2014)
(Del Borgo et al., 2015)
(Bosnyak et al., 2011)
(Jones et al., 2011)

(Del Borgo et al., 2015)

(continued)
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TABLE 1—Continued
Preparations: Radioligand Assay AT R K; (A) or AT9R K; (A) or AT,R-Fold
Compounds AT,R; AT,R Conditions ICso Values (B) (nM)* ICso Values (B) (nM) Selectivity References
Ang III Rat AT,R; AT,R-  '%5I-Sar’-Tle®-Ang 21.1 (B) 0.65 (B) 33 (Bosnyak et al., 2011)
HEK-293 cells II; whole cells
Ang III Rat AT{R; AT,R-  'I-Sar!-Ile®-Ang 4.29 (B) 0.29 (B) 15 (Del Borgo et al., 2015)
HEK-293 cells II; whole cells
Ang-(1-7) Rat AT;R; AT,R-  '?5I-Sar’-Tle®-Ang >10,000 (B) 246 (B) 41 (Bosnyak et al., 2011)
HEK-293 cells II; whole cells
Ang-(1-7) Rat AT{R; AT,R-  'I-Ang II, whole 724 (A) 95.5 (A) 7.6 (Flores-Mufioz et al., 2011)
HeLa cells cells
Ang IV Rat AT,R; AT,R-  '2I-Sar’-Tle®-Ang >10,000 (B) 48.6 (B) 206 (Bosnyak et al., 2011)
HEK-293 cells II; whole cells
Ang-(1-9) Rat AT{R; AToR-  'I-Ang II, whole 245 (A) 525 (A) 0.47 (Flores-Munoz et al., 2011)
HeLa cells cells
B-TleS-Ang 11 Rat AT,R; AT,R-  '25I-Ang II; whole >10,000 (B) 10.6 (B) 955 (Jones et al., 2011)
HEK-293 cells cells
B-Pro’-Ang III Rat AT,R; AT,R-  2°I-Sar’-Tle®-Ang >10,000 (B) 0.47 (B) 21,377 (Del Borgo et al., 2015)
HEK-293 cells II; whole cells
Tyr-Ang II Rat AT{R; AT,R-  'I-Ang II; whole 72,000 (B) 4.0 (B) 18,000 (Magnani et al., 2014)
HEK-293 cells cells
Novokinin Human AT, R- 125T_Sar!-Tle®-Ang 685,000 (A) 7,350 (A) 93 (Yamada et al., 2008a)
CHO cells; 11; 1351
human AT,R CGP42112A,
HeLa cells membranes
NP-6A4 ? ? (Toedebusch et al., 2018)
c21 Rat liver, pig 125]_Ang II; >10,000 (A) 0.4 (A) 25,000 (Wan et al., 2004b)
uterus membranes
c21 Rat AT,R; AT,R-  '#’I-Sar’-Tle®-Ang >10,000 (B) 2.29 (B) 4367 (Bosnyak et al., 2011)
HEK-293 cells II; whole cells
c21 Rat AT R; AT,R-  12I-Sar’-Tle®-Ang >10,000 (B) 1.47 (B) 6803 (Isaksson et al., 2019)
HEK-293 cells IT; whole cells
PD123319° Rat AT,R; AT,R-  %°I-Sar!-Tle®-Ang >10,000 (B) 5.6 (B) 1786 (Bosnyak et al., 2011)
HEK-293 cells II; whole cells
PD123319“ Rat AT,R; AT,R-  '25I-Ang II; whole >10,000 (B) 8.32 (B) 1202 (Jones et al., 2011)
HEK-293 cells cells
PD123319" Rat AT;R; AT,R-  '25I-Sar’-Tle®-Ang >10,000 (B) 3.12 (B) 3205 (Del Borgo et al., 2015)
HEK-293 cells II; whole cells
PD123319% Rat AT;R; AT,R-  1%°I-Sar!-Tle®-Ang 210,500 (B) 71.7 (B) 2935 (Smith et al., 2013b)
(EMA200) HEK-293 cells II; membranes
EMA401¢ Rat AT;R; AT,R-  25I-Sarl-Tle®-Ang 408,000 (B); not 39.5 (B); 10,329; >10,000 (Smith et al., 2013b)
HEK-293 cells; 1I; calculable 39 (B)
human AT, R- membranes'??1-
CHO cells; Sarl-Ile®-Ang
human AT,R II; 1251-
HeLa cells CGP42112A,
whole cells
38 Rat liver, pig 125]_Ang II; >10,000 (A) 19 (A) 526 (Murugaiah et al., 2012)
uterus membranes
C38® Rat AT,R; AT,R-  2°I-Sar’-Tle®-Ang >10,000 (B) 694 (B) 14.4 (Isaksson et al., 2019)

HEK-293 cells

II; whole cells

“AT,R antagonist.

®Other tissues tested.

“AT;R site blocked for AT5R determination.

9Respective sites blocked by ATR-selective compound.

“Some IC5, values at AT;R were estimated (>10,000) due to poor AT;R binding.

B. Nonpeptide Agonists

1. Compound 21. The nonselective thiophene de-
rivative L-162,313, exhibiting IC5y values of 1.1 nM
(AT{R) and 2.0 nM (AT9R), respectively served as a
starting point in the design of C21 (Fig. 7). L-162,313
was the first nonpeptide low-molecular-weight com-
pound reported to act as an agonist at the AT:R
(Kivlighn et al., 1995; Perlman et al., 1995). Likewise,
the corresponding biphenyl derivative acts as a nonselec-
tive ATR agonist with IC5, values of 2.1 nM (AT;R) and
0.7 nM (AT2R), respectively. Notably, a subtle molecular
alteration of the structure of the latter ligand can de-
termine the agonist/antagonist properties. Hence, elim-
ination of one single methyl group from the isobutyl

side chain resulted in a ligand demonstrating AT R
antagonism (Perlman et al., 1997). Subsequently L-
162,313 was also reported to act as an AT5R agonist
in vivo (Wan et al., 2004a). By introduction of a bi-
cyclic benzimidazole to replace the imidazopyridine
scaffold of 1.-162,313, the affinity for AToR was es-
sentially retained but a drastic drop of affinity for
AT R could be achieved. Further stepwise struc-
tural manipulations eventually provided C21. In-
deed, the AT,R-selective imidazole derivative C21
demonstrated high affinity for the AToR (AT3R; KCi
= 0.4 nM) but not for the AT:{R (X; > 1000 nM)
(Wan et al., 2004b). For a recent review on the me-
dicinal chemistry related to the discovery of C21,
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see Hallberg et al. (2018). Due to its favorable
pharmacokinetic properties (oral bioavailability;
4—-6 hours terminal half-life), C21 has become the
most frequently used agonist in AT;R research and
is currently being tested in phase II and phase III
clinical trials, as described in Section VII.

The structural information on the ATyR/sarile com-
plex (Asada et al.,, 2018) combined with previous
modeling (Sallander et al., 2016) and subsequent mo-
lecular dynamic simulations allowed a proposal of a
tentative binding mode of C21 binding to ATeR (Vasile
et al., 2020). C21 binds deeper in the transmembrane
bundle of ATsR than sarile, but the C-terminal car-
boxy group of the peptides and the acidic sulfonyl car-
bamate group of C21 demonstrate analogous
electrostatic interactions with the positively charged
K2155*? and R182*%*. Moreover, a hydrogen bond be-
tween NH of the sulfonyl carbamate and T125%33 is
created. The modeling of C21 in ATsR reveals that
the aliphatic chain of the butyloxy substituent is ex-
tending parallel to the K2155%? sidechain. Further-
more, the isobutyl group of C21 is occupying a
hydrophobic cavity formed by residues from TM2,
TM3, TM6, and TM7. The imidazole ring forms a hy-
drogen bond with Y1042%%% and thereby provides a sec-
ond electrostatic anchoring point of importance.
Analogous hydrogen bonds to Y104%%® are formed
with all ATsR-selective peptide agonists examined ac-
cording to modeling and the molecular dynamics sim-
ulations (Vasile et al., 2020).

2. Other Molecules of the C21 Family. A tetrazole
ring rather than the sulfonylcarbamate as a carbox-
ylic acid bioisostere results in an AT,R-selective li-
gand C, exhibiting a considerably lower affinity (ATsR
K; value of 189 nM) (Wu et al., 2006) (Fig. 8). On the
contrary, a remarkable acceptance of groups replacing
the imidazole ring was observed. For example, the N-
pyrrolidine derivative D devoid of a heteroaromatic
group shows a K; value of 3.5 nM and acts as an ATsR
agonist in the NG108-15 cell neurite outgrowth assay.
This ligand and other related ligands are, in compari-
son with C21, considerably less prone to inhibit a
panel of enzymes from the CYP family (e.g., 3A4 and
2C9) (Mahalingam et al., 2010). Furthermore, regard-
ing the biaryl scaffold, the thiophene ring of the li-
gands in the C21 series can in general be replaced by
a benzene ring with only minor impact on either ATy
R affinity or AT {R/AT3R selectivity (Liu et al., 2013).
However, there are exceptions, and in the case of the
benzamide E that exhibits a K; value of 3.0 nM, a re-
placement with a biphenyl scaffold afforded a ligand
with a 50-fold lower ATyR affinity (K; = 145 nM)
(Wallinder et al., 2008) (Fig. 8). The furanyl deriva-
tive F, acting as an agonist in the NG108-15 cell neu-
rite outgrowth assay, demonstrated moderate ATsR
affinity (K; = 9.1 nM), contrary to the corresponding
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2,4 substituted thiophene and the 2,5 substituted
pyridine derivatives, which somewhat surprisingly
showed negligible AToR affinity (Murugaiah et al.,
2007). Selective high affinity AToR ligands could be
obtained when a phenylthiazole displaced the phenyl-
thiophene scaffold (Gopalan et al., 2022) and with
substituted benzimidazoles displacing the imidazole
ring (Roy et al., 2022). Furthermore, the biphenyl de-
rivative G with a 1-3 substitution (meta) pattern acts
as an agonist in the NG108-15 cell assay and exhibits
a K; value of 8.2 nM (Wallinder et al., 2014).

C. Nonpeptide Antagonists

1. C38 (M132) and Analogs. Migration of the
methylene imidazole group of C21 from the para posi-
tion to the meta position afforded C38 (also called
M132) (AT2R; K; = 19 nM) that did not act as an ago-
nist but an antagonist in the NG108-15 neurite out-
growth cell assay (Murugaiah et al., 2012; Guimond
et al., 2013). Notably, C38 and its regioisomer, the ag-
onist C21, exhibit similar effects on NO production in
lipopolysaccharide (LPS)-treated mouse macrophage
cell lines, suggesting that C38 is a partial AT9R ago-
nist in this macrophage system (Isaksson et al.,
2020). A large series of C38 analogs with a meta sub-
stitution pattern was subsequently prepared and ex-
amined (Wannberg et al., 2018; Isaksson et al., 2019).
The AT5R agonist G, but not C38, can adopt a confor-
mation with an extended distance between imidazole
ring and the lipophilic side chain, which according to
modeling should allow activation of the AT,R (Wall-
inder et al., 2014, 2019) (Fig. 8). Recently, a related
example of an AT.;R ligand with a meta substitution
pattern and comprising a tether between the imidaz-
ole ring and the scaffold was reported. The latter li-
gand acted as an agonist with a K; of 9.3 nM and
caused an AT;R-mediated concentration-dependent
vasorelaxation of precontracted mouse aorta (Wann-
berg et al., 2021).

2. PD123319/PD123177. The ATsR-selective pep-
tide agonist CGP42112A and the two AT.R antago-
nists PD123319 and PD123177 were developed at the
same time as losartan, which was the first AT{R an-
tagonist available clinically. These two prototype AT.
R antagonists belong to a family of compounds with
several members that are structurally very different
from the AT;R antagonists (e.g., losartan) and the
AT3R agonists (e.g., C21) (Fig. 8). PD123319 was first
described (Dudley et al., 1991) to potently inhibit tri-
tiated Ang II binding in rabbit uterine homogenates
(IC59 value ~21nM) and inhibit iodinated Ang II or
Sar-Ile-Ang II in R3T3 cells (IC50 value ~30nM) at a
binding site later to be called the AT,R. PD123319 ex-
hibited 5- to 10-fold greater ATyR affinity than
PD123177 (IC5¢ values 130-288nM) under the same
conditions (Dudley et al., 1990; Dudley and Summer-
felt, 1993). PD123319 has been widely used to confirm
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AT3R involvement in a majority of studies elucidating
the functional effects of C21 and other AT;R agonists.
However, there are questions about the ATR selectiv-
ity of PD123319 that, as mentioned earlier, has re-
cently been reported to be a competitive antagonist
at the MAS-related G-protein—coupled receptor D
(MrgD) (Lautner et al., 2013). In many instances, the
effects of Ang-(1-7) and Ang-(1-9) were inhibited by
PD123319, which is consistent with the AToR affinity
of these endogenous peptides (see Section IV.A.1.c/d).
Indeed, PD123319 is used almost exclusively to impli-
cate an involvement of AT9R function. In addition,
PD123319 has been reported to evoke AT,R agonistic-
like effects in a number of experimental paradigms, in-
cluding a hyperoxic lung injury model in which it also
acted as an antagonist (Wagenaar et al., 2014). A poten-
tial agonistic effect was also seen in a model of rat colitis
(Zizzo et al., 2017, 2020). The apparent partial agonistic
properties of PD123319 and C38 (see above) can thus
create problems in interpreting functional data.

3. EMA401 and Analogs. Modification of the proto-
type selective ATeR antagonist PD123319 afforded
the high-affinity AToR ligand EMA401 (IC5o = 39 nM),
expected to be an antagonist and shown in preclinical
studies to exert analgesic properties in neuropathic
pain (Rice et al., 2014; Smith and Muralidharan, 2015;
Smith et al., 2016). However, it was never clarified if
the beneficial effects of EMA401 were related to AT,R
agonist or antagonist functions (see Section VI.F.11).
Such preclinical studies led to phase II studies to exam-
ine the analgesic efficacy and safety of EMA401 in pa-
tients with postherpetic neuralgia and painful diabetic
neuropathy, as discussed in Section VIIL.A (Rice et al.,
2021). However, clinical development of EMA401 has
been terminated due to preclinical hepatic toxicity.

Key points related to Section IV on AToR-selective
ligands are:

® Endogenous angiotensin peptides bind to AT,R.
Ang II, as the well accepted main effector of the
RAS, is equipotent and effective at both AT{R
and AT9R, although AT;R actions predominate
due to ubiquitous AT;R distribution. Ang III may
be the main endogenous ligand for ATsR, at least
in kidney.

® Synthetic peptide derivatives exhibit marked
AT.R selectivity. CGP42112 was the first re-
ported highly ATsR-selective ligand and was a
key tool for the classification of Ang receptors
into AT,R and AT;R. Subtle modifications to Ang
II, exemplified by p-amino-Phe®-Ang II, or to Ang
II1, exemplified by f-Pro’-Ang III, have resulted
in peptides with marked ATsR selectivity. A
number of ligands are reported to be ATsR ago-
nists but many lack binding data to match func-
tion or vice versa.

Steckelings et al.

® Small molecule (nonpeptide) compounds are pro-
viding opportunities for clinical translation. Hall-
berg’s group was instrumental in synthesizing
many series of nonpeptide AT9R ligands, culmi-
nating in the first orally active small-molecule
AT5R agonist, C21, which has contributed enor-
mously to elucidating the protective role of AToR
in (patho)physiology and is currently in idio-
pathic pulmonary fibrosis and COVID-19 trials.
The development of newer AT>R agonists as well
as antagonists is likely to be an active area of
research that will continue to define AT.R
pharmacology.

V. AT2-Receptor Physiology

An early view of the potential whole-body functions
of AT9R was gained from studies in which the Agir2
was deleted from mice (Hein et al., 1995a; Ichiki
et al.,, 1995). Although neither study reported any
changes in morphology or mortality of the AT,R-KO
mice versus wild-type animals, both studies reported
a significant reduction in locomotion and exploratory
behavior consistent with the normal location of ATSR
in the locus coeruleus in the brain (Tsutsumi and Saa-
vedra, 1992). One of the studies reported a decrease
in drinking behavior after water deprivation in the
AToR-KO mice, possibly a consequence of the de-
creased exploratory behavior (Hein et al., 1995a).
Other phenotypes apparent in the AT,R-KO mice
were reduced body temperature and increased basal
BP (Ichiki et al., 1995) and in both studies an en-
hancement of Ang II-induced increases in BP. The po-
tential reasons for any discrepancies in phenotypes of
the AToR-KO mice are further discussed in Section
VIII, Open Questions in ATsR Research. These land-
mark studies provided an initial indication that ATs
Rs can exert effects at the whole-organism level. Sub-
sequent studies have used an array of approaches to
uncover ATsR-induced effects in normal animals, as
discussed in the following paragraphs.

A. Natriuresis/Diuresis

AT9Rs play an important role in the regulation of
kidney function, especially Na™ and water excretion.
Early studies showed that N(G)-nitro-L-arginine
methyl ester (L-NAME) pretreated rats have blunted
pressure-natriuresis and diuresis curves and that AT,
R blockade with PD123319 shifts these curves back-
ward toward control levels, indicating that the excre-
tory impairment produced by NO synthesis blockade
is at least partially dependent on the activation of
AToR (Madrid et al., 1997). ATo,R-KO demonstrate
pressor and antinatriuretic hypersensitivity to Ang II
infusion, indicating that pressure-natriuresis is
shifted to the right (less sensitive) in the absence of
AT,Rs (Siragy et al., 1999). Furthermore, AT2R-KO
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animals have markedly reduced baseline and Ang II-
stimulated renal BK and cyclic GMP (cGMP) levels,
suggesting that AT9Rs play a counterregulatory pro-
tective role, mediated by BK and NO, against the
antinatriuretic actions of Ang II via AT Rs (Siragy
et al., 1999). Subsequent studies in BsR receptor-KO
mice confirmed that NO can be produced by two alter-
native pathways: directly via the AT,R or indirectly
via AT5R stimulation of BK production and activation
of the ByR receptor (Abadir et al., 2003). More de-
tailed analyses of the pressure-natriuresis relation-
ship confirmed the rightward shift in AT,R-KO
animals without a change in glomerular filtration
rate, indicating an action predominantly via changes
in tubule Na* reabsorption with a possible contribu-
tion from reduced renal blood flow (Gross et al., 2000;
Obst et al., 2003). Similar to AT;Rs, however, renal
AT,Rs also inhibit intrarenal RAS activity through di-
rect inhibition of renin release from renal juxtaglo-
merular cells and consequently reduced Ang II
formation (Siragy et al., 2005, 2007).

The aforementioned pressure-natriuresis studies in
AT5R-KO animals suggested the possibility that AT,{R
blockade induces natriuresis by activation of ATsRs.
In a normal (Sprague-Dawley) rat model, the natri-
uretic effect of intrarenal AT;R blockade was abol-
ished by concurrent AT,R inhibition (Padia et al.,
2006). Although the endogenous agonist for renal Ang
receptors had been assumed to be Ang II, the octapep-
tide does not induce natriuresis at any physiological
infusion rate and the preferred endogenous ATsR ago-
nist was initially identified as Ang II metabolite des-
aspartyl'-Ang II (Ang III) (Padia et al., 2006). Ang III
was subsequently confirmed as the major peptide ago-
nist for ATyR-induced natriuresis in a series of stud-
ies using inhibitors of aminopeptidase A, which forms
Ang III from Ang II, and/or aminopeptidase N, which
metabolizes Ang III to smaller nonfunctional peptide
fragments (Padia et al., 2007, 2008; Kemp et al.,
2012). Renal dopamine D Rs as well as AT9R are im-
portant natriuretic receptors counterbalancing AT;R-
mediated tubular Na™ reabsorption, and their inter-
actions are mutually cooperative and interdependent
(Gildea et al., 2012). Dopamine-induced natriuresis
via D{R requires AT9R activation (Salomone et al.,
2007), and AT5R recruitment along microtubules to
the apical plasma membranes of renal proximal tu-
bule cells (RPTCs) occurs by an adenylyl cyclase/
cAMP/protein kinase C-dependent pathway (Padia
et al., 2012). In addition to D;R, dopamine D3 recep-
tors and ATyRs are synergistic in producing natriure-
sis and diuresis (Yang et al., 2015).

Sex differences have been identified in ATyR-in-
duced natriuresis, possibly due to the localization of
the Agtr2 gene on the X chromosome. The pressure-
natriuresis curve is shifted to the left (more sensitive)
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in females compared with males, and AT,R activation
in females attenuates enhanced Ang II-dependent re-
setting of renal tubuloglomerular feedback via AT Rs
(Hilliard et al., 2011; Brown et al., 2012). However,
AT,R activation increases Na® and water excretion
equally in males and females (Hilliard et al., 2012;
Kemp et al., 2014). Sex differences in the chronic
pressure-natriuresis relationship may be due at least
in part to increased renal AToR expression in females
compared with males (Mirabito et al., 2014), although
this requires further study.

The natriuretic response to ATsR activation is
largely, if not exclusively, a renal proximal tubule
(RPT) event with a possible small contribution from
the thick ascending limb of the loop of Henle (Herrera
and Garvin, 2010; Kemp et al., 2014). AToRs reduce
AT R expression and function by a NO/cGMP/Sp1-
dependent mechanism (Yang et al., 2012). AT9R acti-
vation is accompanied by translocation of the receptor
to the apical brush borders of RPTCs (a mechanism
thought to enhance and sustain the natriuretic re-
sponse) and internalization of major RPTC Na*
transporters Na*-H" exchanger-3 (NHE-3) and Na™*/
K*-ATPase (NKA) in a BK/NO/cGMP-dependent
manner (Kemp et al., 2014). In Ang II infused rats,
chronic AT9R activation initiates and sustains recep-
tor translocation to RPTC apical membranes, pre-
vents Na® retention resulting in a negative Na®
balance, and lowers BP (Kemp et al., 2016). Activat-
ing renal AT9Rs with C21 engenders the physical as-
sociation of ATyRs with PP2A heterotrimer AB550C
and increases renal PP2A activity (Kemp et al., 2022).
The AT,R/PP2A complex translocates to the apical
plasma membranes of RPTCs. C21-induced natriure-
sis, renal cyclic GMP formation, and ATsR/PP2A
translocation to apical plasma membranes are abol-
ished by coadministration of PP2A inhibitor calyculin
A (Kemp et al., 2022). The intracellular signaling
mechanisms by which ATsR activation induces natri-
uresis in RPTC are summarized in Fig. 9.

AToR-induced natriuresis is defective in both hyper-
tensive and prehypertensive SHR, an Ang II-depen-
dent model of human hypertension (Kemp et al.,
2019, 2020). This may account at least in part for in-
creased Ang II-dependent Na™ reabsorption in SHR.
The ATR defect in SHR is a primary receptor defect
and not due to increased metabolism of ATsR agonist
Ang IIT (Kemp et al., 2020). Signaling pathways in-
volving D;R [cAMP/protein kinase A (PKA)] and AT,
R [¢cGMP/protein kinase G (PKG)] translocation to
apical plasma membranes converge at PP2A (Gildea
et al., 2019), and in SHR ATR signaling to PP2A is
defective. This defect likely leads to Na™ retention
and hypertension by allowing unopposed AT;R-medi-
ated renal Na* transport in this animal model of hu-
man hypertension (Kemp et al., 2022).
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Fig. 9. Renal proximal tubule cell AT;R/PP2A AB550C signaling pathway by which receptor activation increases cyclic GMP (¢cGMP) production, inhib-
its Na™ reabsorption, and induces natriuresis. Green arrows indicate stimulation, red arrows depict internalization and inactivation, red lines depict
inhibition, blue arrows stand for effects on ion exchanges by Na* transporters, and dashed arrows indicate impaired/reduced responses. AT,R activa-
tion by exogenous nonpeptide agonist C21 stimulates AT5R recruitment from intracellular sites to the apical plasma membranes of renal proximal tu-
bule cells via PP2A-dependent signaling, reinforcing, and sustaining the natriuretic response. AT5R activation via a PP2A AB554C signaling pathway
increases cGMP production, which internalizes and inactivates major Na™ transporter molecules Na*-H " -exchanger-3 (NHE-3) and Na*-K*-ATPase
(NKA), counterbalancing AT;R actions to increase Na™ reabsorption by stimulating these transporters.

RPTC AT.Rs are especially effective in stimulating
natriuresis/diuresis in the obese Zucker rat, a model
of obesity, insulin resistance, and mild hypertension
in humans. AT,Rs are upregulated in these rats com-
pared with lean controls and mediate the natriuretic/
diuretic effects of AT;R blockade (Hakam and
Hussain, 2005). The enhanced natriuresis in this
model is accompanied by inhibition of NKA via the
NO/cGMP pathway in RPTCs (Hakam and Hussain,
2006). AT9Rs play a protective role against increased
BP in obese Zucker rats, which is due to their renin-

suppressive action (Siragy et al., 2005; Siddiqui et al.,
2009; Ali and Hussain, 2012; Ali et al., 2013, 2015).
Overall, renal AT,Rs acting in tandem with dopa-
mine receptors counterbalance Na™ retention elicited
by Ang II via AT;Rs. Because AT;Rs inhibit Na™*
transport in the RPT where the majority of Na* is re-
absorbed and no effective RPT natriuretic/diuretic
agent is currently available or approved for clinical
use, AT2R agonists appear to be excellent pharmaco-
logic candidates for treatment of disorders of Na*/
fluid retention, as expanded upon in Section VI.A.9.
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B. Cardiovascular Regulation by the Central Nervous
System

1. Lowering of Blood Pressure. There is much evi-
dence that activation of AT9Rs within the brain de-
creases BP in normal animals (Steckelings et al.,
2017b; Assersen et al., 2020). These effects are consis-
tent with the demonstration that AToRs are located
on neurons within or adjacent to CNS areas that play
a major role in regulating sympathetic outflow and
baroreflex sensitivity, as noted in Section IIL.LE.6 (Nuyt
et al., 2001; de Kloet et al.,, 2016b; Sumners et al.,
2020). The initial evidence that stimulation of brain
AT>Rs lowers BP was indirect, specifically that the
AT R-mediated pressor responses after intracerebro-
ventricular (i.c.v.) injection of Ang II were potentiated
by coapplication of the ATsR antagonist PD123319 (Li
et al., 2003). More direct evidence for BP lowering ac-
tions of brain AToRs has come from both pharmacologi-
cal and gene transfer approaches. Two studies using
the pharmacological approach provided such direct evi-
dence for brain AT,R involvement. One of these stud-
ies demonstrated that chronic intracerebroventricular
infusion of C21 produced sympathoinhibition and de-
creased BP in rats (Gao et al., 2011), and the other re-
vealed that intracerebroventricular infusion of GGP42112
enhanced the renal sympathoinhibitory response to vol-
ume expansion (Abdulla and Johns, 2017), providing im-
portant evidence for cardiovascular actions of brain AT,
Rs. However, intracerebroventricular administration does
not reveal the specific loci of AToR agonist effects. Other
studies employed more targeted administration of either
CGP42112A or C21 into cardiovascular control centers
and demonstrated that AT5Rs in both the RVLM and the
IML are important mediators of the sympathoinhibitory
and depressor actions (Gao et al., 2008b; Chao et al.,
2013; Légat et al., 2017); on the other hand, acute local
infusion of C21 in the NTS failed to alter BP (Légat et al.,
2019). A role for RVLM AT.R in lowering BP was also
suggested by gene transfer studies. Gao et al., 2008a dem-
onstrated that adenoviral-mediated overexpression of AT,
R at the RVLM lowered BP and decreased circulating
norepinephrine levels in normotensive rats. Two recent
studies have further refined the knowledge of how CNS
AT9Rs lower BP by defining the particular neuronal phe-
notypes and transmitters involved. First, Légat et al.
(2017) found that the depressor response to C21 is medi-
ated by stimulation of GABA release within the RVLM
and subsequent GABA, receptor-mediated decreases in
sympathetic tone. In a second study, Mohammed et al.
(2021) demonstrated that AToRs located on GABA neu-
rons within the NTS are critical for the depressor action
of C21 chronically infused via the intracerebroventricular
route. Stimulation of AT5R on GABA neurons attenuated
GABA signaling and in doing so lifted the tonic inhibition
of baroreflex pathways provided by these GABAergic neu-
rons, consequently reducing BP. In summary, activation
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of brain AT;Rs in normotensive animals can lower BP, as
summarized in Fig. 10, though a full picture of the neuro-
nal circuitry and mechanisms involved remains to be
established.

2. Inhibition of Vasopressin Secretion. Evidence
also exists that activation of brain ATyRs inhibits va-
sopressin (AVP) secretion. Nerve terminals and pro-
cesses that arise from GABA neurons surrounding
the PVN contain AT;Rs and synapse with AVP neu-
ron cell bodies in the PVN (de Kloet et al., 2016b).
Stimulation of these AT5Rs by C21 led to a GABA-de-
pendent decrease in activity of AVP neurons within
the PVN and eventually decreased plasma AVP levels
(de Kloet et al., 2016a). Whether this reduction in
AVP levels lowers BP is yet to be determined.

C. Regulation of Vascular Diameter

Given the ubiquitous expression of AT;Rs, Ang II-
mediated vasoconstriction prevails over any potential
counterregulatory effects of vascular AT,R function.
However, the first clues that Ang II itself may exert a
(masked) vasodilator component to its action were de-
duced from observations that the AT;R antagonist
PD123319 may enhance Ang II-mediated contraction
(Henrion et al., 2001; Widdop et al., 2003), most nota-
bly seen using vessels such as uterine arteries that
exhibit prominent AT5R expression (Zwart et al.,
1998; McMullen et al., 1999; Hannan et al., 2003). In
addition, analogous data whereby PD123319 potenti-
ated Ang II-induced contraction has been reported for
healthy human coronary microarteries (Batenburg
et al., 2004) and diseased human radial arteries (Zulli
et al., 2014), although a lack of PD123319-induced po-
tentiation of Ang II-evoked contraction was also re-
ported using human radial and internal mammary
arteries (van de Wal et al., 2007; Zulli et al., 2014). In
a few instances, exogenously administered Ang II
alone evoked AT;R-mediated vasodilation in vitro
(Henrion et al., 2001) and in vivo (Sampson et al.,
2008, 2012a). On the other hand, there are instances
of ATyR-mediated (PD123319-sensitive) mesenteric
contraction that occurred in vessels from SHR or aged
rats (Touyz et al., 1999; You et al., 2005; Pinaud
et al., 2007). Interestingly, these ex vivo ATyR-medi-
ated responses were converted from contraction (re-
duced mesenteric diameter) to relaxation (increased
diameter) when resting BP was lowered to normoten-
sive levels in SHR (You et al., 2005), whereas hydral-
azine or tempol blunted AT;R-mediated contraction
that involved reactive oxygen species (ROS) produc-
tion in aged vessels (Pinaud et al., 2007). In measur-
ing human forearm blood flow, both AT;R-mediated
constriction and dilation resulting from Ang II infu-
sion were deduced, whereas the selective ATsR ago-
nist CGP42112A increased flow only (Schinzari et al.,
2011).
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Fig. 10. Summary of the cardiovascular consequences of activation of the AToR within the CNS of normotensive or hypertensive rodents. Shown at the
top is a sagittal section through a rodent brain; the colored vertical lines represent the brain levels corresponding to the three coronal sections pre-
sented below. Forebrain section illustrates the changes in blood pressure (BP), sympathetic nerve activity (SNA), and baroreflex function (BARO) after
intracerebroventricular (i.c.v.) infusion of ATsR agonists; medulla section illustrates the changes in BP, SNA, and BARO resulting from injection/infu-
sion of AT,;R agonists or viral-mediated overexpression of AT5R at the nucleus of the solitary tract (NTS) or rostral ventrolateral medulla (RVLM); and
thoracic spinal cord section shows the changes in BP and SNA after ATyR agonist injection into the intermediolateral column (IML) of the spinal cord.

AT R blockade often unmasked acute ATsR-medi-
ated vasodilator responses to Ang II using in vitro
preparations such as mesenteric arteries after acute
(Widdop et al., 2002, 2003; You et al., 2005) or chronic
(Widdop et al., 2002; Cosentino et al., 2005; Savoia
et al., 2005, 2006) AT R blockade, and similar ATsR-
mediated vasodilator effects are noted in vivo (see
Section VI.C.4). Likewise, Ang II relaxed human coro-
nary arteries in the presence of acute AT R blockade
(Batenburg et al., 2004), whereas gluteal arteries ob-
tained by biopsy from diabetic hypertensive patients
relaxed to Ang II but only in patients chronically
treated with valsartan for 1 year, which correlated
with increased AT9R expression (Savoia et al., 2007).

The work of Henrion’s group has identified that en-
dogenous ATsR activation is critically involved in the
control of vascular tone by evoking vasodilation in re-
sponse to flow (shear stress) that in turn opposes ac-
tive myogenic tone. This flow-mediated increase in
vessel diameter, mediated by endothelial-derived NO,
is best described for ATsR in the mesenteric circula-
tion but is blunted in hypertension (Matrougui et al.,
1997, 1999, 2000). Notably, the same group has re-
ported that chronic high-flow dependent vascular
remodeling was also AT,R dependent (see Section

VI.C).

The use of selective AT9R agonists confirmed the im-
portance of AT;R-mediated vasodilation. CGP42112A
increased mesenteric artery diameter in a concentra-
tion-dependent manner similarly to Ang II and the va-
sodilator effects of Ang II were not desensitized, unlike
AT R-mediated contraction (Widdop et al., 2002). Selec-
tive AT5R agonists such as CGP42112A (Widdop et al.,
2002; Baranov and Armstead, 2005; Jones et al., 2011;
Del Borgo et al., 2015), C21 (Bosnyak et al., 2010; Yan
et al., 2018) or f-Pro’-Ang III (Del Borgo et al., 2015)
relax precontracted vessels, although the vasorelaxant
effects of C21 were not always blocked by PD123319
(Verdonk et al., 2012). C21 or f-Pro’-Ang III dose-de-
pendently increased renal flow to a greater extent in fe-
male than male normotensive rats (Hilliard et al.,
2012; Krause et al.,, 2020), and similar effects were
seen using C21 in female, but not male, hypertensive
rats (Hilliard et al.,, 2014). Finally, there is general
agreement that the majority of vasodilator effects medi-
ated by AToR stimulation are mediated by NO and/or
BK-cGMP pathways (Henrion et al., 2001; Widdop
et al., 2003; Batenburg et al., 2004; Peluso et al., 2018).
For example, inhibition of BK by BoR blockade or kini-
nogen deficiency impaired ATsR-mediated relaxation of
rat mesenteric arteries (Katada and Majima, 2002),
consistent with AToR stimulation increasing vascular
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BK production (Tsutsumi et al., 1999). Conversely, the
contribution of vascular BK to flow-dependent vasodila-
tion in mouse carotid arteries relied on the presence of
AT9Rs (Bergaya et al., 2004), demonstrating the recip-
rocal dependency between AT,Rs and BsRs. In this con-
text, AToR-BoR dimers have been reported that could
influence functional outcomes (see Section II1.D.5).

D. Intestine

1. Sodium/Glucose Cotransporter-1-Mediated Glu-
cose Absorption. Sodium/glucose cotransporter-1
(SGLT1) is a primary glucose transporter expressed
on the brush border membrane of enterocytes. There
are three lines of evidence that AT,Rs can exert stim-
ulatory effects on glucose transport mediated by
SGLT1. First, studies using the AT R blocker (ARB)
losartan demonstrated that it enhances glucose up-
take by rat ileal enterocytes (Wong et al., 2007); fur-
thermore, in human jejunal enterocytes, Ang II in the
presence of losartan tended to stimulate glucose
transport via SGLT1 (Casselbrant et al., 2015). The
latter study also demonstrated that Ang II in the
presence of the AT,R antagonist PD123319 inhibited
glucose transport via SGLT1, suggesting that ATsRs
stimulate glucose transport (Casselbrant et al., 2015).
This was further confirmed by direct activation of the
receptor with the agonist C21 (Casselbrant et al.,
2015).

2. Acid, Base Secretion. There is evidence that
AT5Rs can influence stomach acid secretion via CNS
mechanisms, as intracerebroventricular administra-
tion of novokinin, a low-affinity peptide agonist of the
AT,R, significantly inhibits basal gastric acid secre-
tion (Zhang et al., 2016). This effect of novokinin was
sensitive to intracerebroventricular administration of
the AT3R antagonist PD123319 and systemic adminis-
tration of the prostaglandin synthesis inhibitor indo-
methacin, suggesting the involvement of an ATyR-
prostaglandin pathway (Zhang et al., 2016). Gastric
acid secretion is an important part of the digestive
process; however, the acid secreted in the stomach is
neutralized by the alkali secreted by the duodenal
mucosa, and ATyRs have been shown to exert direct
effects on alkali secretion. AT9R activation by Ang II
(in the presence of the AT R antagonist losartan) or
the agonist CGP42112A increased mucosal alkaline
secretion by 50%, which is attenuated by PD123319
and ByR receptor antagonist HOE140, suggesting the
role of AToR-BoR pathway (Johansson et al., 2001;
Ewert et al., 2003a).

Key Points related to Section V on AT,R physiology
are:

® Under normal conditions, selective AT9R activa-
tion exerts well-described natriuretic and diuretic
effects, vasodilation, stimulation of intestinal
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glucose transport, and lowering of BP (via CNS
mechanisms).

® These effects are likely to be a fundamental com-
ponent of normal homeostatic mechanisms that
control Na™ and fluid balance, in effect keeping
in check the mechanisms (e.g., vasoconstriction,
antinatriuresis/antidiuresis) that help restore ex-
tracellular volume after fluid loss.

® The ability of AT,R activation to reverse anti-
natriuresis (and lower BP) in angiotensin-
induced increases in BP suggests an important
AT{R counterregulatory role for AT>Rs in renal

physiology.
VI. ATs-Receptor in Disease

A. Kidney

1. Chronic Kidney Disease. Chronic kidney disease
(CKD) is an increasingly burdensome global public
health problem. For example, the US National Insti-
tute for Diabetes and Digestive and Kidney Diseases
estimates that 14% of U.S. adults have CKD (https://
www.niddk.nih.gov/health-information/health-statistics/
kidney-disease). The leading causes of CKD are diabe-
tes and hypertension, with almost half of individuals
with CKD also having diabetes and/or self-reported car-
diovascular disease (CVD). Indeed, persons with CKD
are at high risk for CVD, and the presence of CKD often
complicates CVD treatment and prognosis. Hyperten-
sion and proteinuria are the greatest risk factors for
CKD progression to end-stage renal disease (ESRD),
and the RAS is intimately involved in the pathogenesis
of both. Thus, inhibition of angiotensin II (Ang II) for-
mation with angiotensin-converting enzyme inhibitors
(ACEIs) or Ang II action with ARBs effectively slows
the progression of CKD by lowering BP and proteinuria.
Although Ang II inhibition has been bedrock in CKD
therapy for decades, ACEIs or ARBs do not completely
prevent CKD progression. Evidence has been accumu-
lating that AT,R activation, either alone or combined
with RAS blockade, has the potential to further slow
CKD progression. This principle was triggered initially
by studies demonstrating various potentially beneficial
roles for the AToR in the kidney, including antiprolifera-
tive effects (Nakajima et al., 1995; Maric et al., 1998),
apoptosis (Tanaka et al., 1995; Yamada et al., 1996), va-
sodilation (Siragy et al., 2000), inhibition of interstitial
fibrosis (Morrissey and Klahr, 1999), and expression of
the chemokine RANTES (Wolf et al., 1997). On the
other hand, NF-xB, a key transcription factor in inflam-
matory disorders and stimulator of multiple chemo-
kines, may be activated selectively by AT,Rs (Lorenzo
et al., 2002; Wolf et al., 2002).

2. Diabetic Nephropathy. The role of the ATsR has
been extensively studied in diabetic nephropathy
(DN). Early studies demonstrated that streptozotocin
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(STZ)-induced diabetes, a model of type 1, insulin-
dependent diabetes, in the initial phase induced a
significant reduction in renal AT;R protein expres-
sion that was partially reversed by insulin treat-
ment (Wehbi et al., 2001). Because AT;R expression
remained unchanged in diabetic versus control kid-
neys, an increase in AT;R/AT9R balance was in-
ferred in the pathogenesis of DN. Subsequent
studies on the effects of long-term STZ diabetes in
SHR, however, showed that renal AT {R and AT,;R
expression levels (both mRNA and protein) were re-
duced in parallel (Bonnet et al., 2002). However, ATy
R downregulation was not uniformly observed in the
STZ-induced diabetic rat model, as others docu-
mented enhanced receptor expression in brush bor-
der and basolateral membranes of renal proximal
tubule cells in this model (Hakam et al., 2006) and
in human renal proximal tubule cells in response to
high exogenous glucose exposure mediated by inter-
feron regulatory factor-1 (Ali et al., 2010).
Substantial clarification of the role of AT5R in DN
emerged when the availability of genetic AT,R-KO
technology was applied to this disease. STZ-treated
AT5R-KO, when compared with wild-type control
mice, displayed evidence of accelerated DN, including
renal hypertrophy, tubule apoptosis, progressive ex-
tracellular matrix (ECM) formation, and increased
glomerular filtration rate (GFR) (Chang et al., 2011).
Renal oxidative stress (measured by heme-oxygenase-1
gene expression and ROS generation) and the expression
of intrarenal RAS components such as angiotensinogen,
AT Rs, and the ACE gene was augmented, whereas
ACE2 gene expression was reduced in the renal proximal
tubules (RPTs) of ATy,R-KO. These studies suggested
that AToR deficiency accelerates the development of DN,
which was mediated at least in part by increased oxida-
tive stress and elevated ACE/ACE2 ratio in RPTs.
Further understanding of the role of AT3Rs in DN
was achieved with the availability of selective non-
peptide AT5R agonist C21. In STZ-diabetic rats, C21
limited the usual increase in microalbuminuria, re-
duced renal interstitial inflammatory markers [tumor
necrosis factor-o« (TNF-«), interleukin-6 (IL-6), and
isoprostane] and increased NO and cyclic GMP
(cGMP) formation without change in BP (Matavelli
et al., 2015). Similarly, C21 significantly attenuated
the diabetes-induced increase in cystatin C, albumin-
uria, mesangial cell expansion, and glomerulosclerosis
in STZ-diabetic Apo E-KO mice (Koulis et al., 2015). Con-
sistent with these findings, C21 inhibited the expression
of proteins implicated in oxidative stress, inflammation,
and fibrosis [p47phox, osteopontin, monocyte chemoat-
tractant protein-1 (MCP-1), TNF-«, TGF-f, and CTGF]
and increased gelatinases MMP-2 and MMP-9 in
parallel with reduced extracellular matrix produc-
tion (Koulis et al., 2015). Interestingly, KO mouse
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studies have shown that the receptor for advanced
glycation end products (RAGE), which contributes
to the development and progression of DN, may do
so at least in part by inhibition of ATsR expression
(Sourris et al., 2010). In addition, the ACE2 activa-
tor diminazene aceturate delays DN by increasing
both ACE2 and AT,;R expression in STZ type 1 DN
(Goru et al., 2017). Taken altogether, the aforemen-
tioned studies suggest that ATsR activation with
C21 is protective against the development of type 1
DN.

The effects of AT9R activation on DN also have
been studied in experimental models of type 2 diabe-
tes. In the Zucker diabetic fatty (ZDF) rat, a well rec-
ognized model of type 2 diabetes, C21 reduced
glomerular, tubulointerstitial, and perivascular fibro-
sis, macrophage infiltration, and TNF-o expression
and improved albuminuria, but a combination of C21
plus losartan was required to reduce albuminuria by
the end of the study (Castoldi et al., 2014). In another
type 2 diabetic model, Wistar rats fed a high-fat diet
and administered low-dose STZ, pharmacologic block-
ade of ATRs activated NF-«B signaling and increased
ACE2 expression, the latter thought to be a compen-
satory response to the increased inflammatory media-
tors and oxidative stress (Pandey et al., 2015). The
renal antiapoptotic and anti-inflammatory effects of
telmisartan were significantly accentuated by C21 ad-
ministration in this model, as indicated by reduced
expression of several apoptotic markers and NF-
kB—driven inflammatory molecules (Pandey and
Gaikwad, 2017). The combination of C21 and telmi-
sartan improved renal dysfunction, renal morphologic
abnormalities, and hemodynamic disturbances in this
type 2 DN model.

The role of AT9Rs in the obese Zucker rat (OZR), a
model of the metabolic syndrome, has also been ex-
tensively studied. The OZR develops spontaneous re-
nal injury that is initiated by obesity associated with
hyper-insulinemic prediabetes (Kurtz et al., 1989).
The AT9R agonist CGP42112A (CGP) reduced renal
inflammatory and oxidative stress markers to levels
observed in lean control rats (Sabuhi et al., 2011), and
C21 decreased elevated levels of TNF-x and IL-6,
whereas PD123319 lowered renal levels of the anti-in-
flammatory cytokine interleukin-10 (IL-10) (Dhande
et al., 2013). In OZRs, C21 was also protective against
high salt diet-induced proteinuric kidney injury (Patel
et al., 2016). In summary, the accumulated evidence
suggests that ATsR activation with C21 is protective
against DN in metabolic syndrome/prediabetes as
well as types 1 and 2 diabetes.

3. Ischemic Nephropathy. Ischemic nephropathy
describes the loss of renal function and/or renal pa-
renchymal mass due to stenosis or occlusion of the
renal artery and/or its branches. This condition is
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commonly the result of atherosclerotic renal vascu-
lar disease, but other causes include fibromuscular
dysplasia, arteritis, embolic disease, and aortic dis-
section. The RAS is intimately involved in the path-
ogenesis of ischemic nephropathy, wherein ischemia
induces an early increase in intrarenal Ang II bio-
synthesis, AT R activation, vasoconstriction, and
reduced glomerular filtration rate (GFR) (Konto-
giannis and Burns, 1998). An early study indicated
a protective role of AT9Rs in the renal wrap (Groll-
man) model of ischemic kidney injury, wherein AT,
R blockade with PD123319 prevented the hypoten-
sive response to AT R blockade (Siragy and Carey,
1999). This was among the first studies suggesting
that at least some of the beneficial actions of AT R
blockade are transduced by AT.R stimulation via
the BK, NO, and ¢cGMP signaling cascade. A more
commonly employed experimental model of ischemic
nephropathy is the 5/6 nephrectomy model, which
undergoes Ang II-dependent induction of AT;R ex-
pression in the ischemic kidney after ablation
(Vazquez et al., 2005). Transgenic overexpression of
AT5Rs in vascular smooth muscle cells decreased
urinary albumin excretion, glomerular size, and ex-
pression of platelet-derived growth factor-BB and
TGF-p in 5/6 nephrectomy compared with wild-type
mice (Hashimoto et al., 2004). These changes were
due to AT;R overexpression as they were abolished
with PD123319. In this model, AT;R blockade is associ-
ated with ATsR upregulation, and AToR inhibition with
PD123319 potentiates renal and vascular damage, sug-
gesting that ATsRs represent a counterregulatory sys-
tem preventing spread of tissue damage due to renal
ablation. This idea was further supported by observa-
tions that renal ablation resulted in greater BP-inde-
pendent impairment of renal function, glomerular
injury, albuminuria, renal monocyte chemotactic pro-
tein-1, and RANTES expression as well as mortality in
AT5R-KO than wild-type mice (Benndorf et al., 2009).
Subsequent studies in this model have confirmed that
the beneficial effects of AT{R blockade on kidney injury
are complex and involve both inhibition of deleterious
AT:R actions and stimulation of beneficial AT9R effects
(Naito et al., 2010).

Another model of kidney ischemia is the ischemia-
reperfusion model of renal injury and repair, which
induces a transient increase plasma creatinine/urea
nitrogen and proteinuria. C21 reversed these changes
and increased the levels of IL-10 (Ali et al., 2021).
Subsequently, in the course of reperfusion, C21 in-
creased regulatory T and IL-10 producing cells and
reduced kidney injury molecule-1 and neutrophil ge-
latinase-associated lipocalin, suggesting a role of
AT,Rs in kidney repair.

Renovascular hypertension also induces ischemic
nephropathy accompanied by increased RAS activity
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and high BP. In an experimental model of this dis-
ease, 2-kidney, 1-clip Goldblatt hypertension, the de-
velopment of inflammation and generation of ROS are
characteristic of the ischemic kidney and are followed
by progressive interstitial fibrosis. The early phase (4
days after clipping) was studied in this model (Mata-
velli et al., 2011); clipped kidneys were characterized
by increased renal expression of AT Rs, ATsRs, TNF-
o, IL-6, and TGF-f and reductions in renal interstitial
fluid NO and ¢cGMP levels. In contrast, C21 caused a
significant reduction in renal TNF-¢, IL-6, and TGF-f
and increased NO and ¢cGMP levels independent of
BP. Thus, AT5R activation reduced early renal inflam-
matory responses and improved NO and ¢cGMP pro-
duction in renovascular hypertension irrespective of
BP. Further, NO production in response to AT;R acti-
vation sustained renal oxygenation in the clipped kid-
ney of early Goldblatt hypertensive rats (Palm et al.,
2008). Because renal tissue hypoxia may be critical in
the progression of CKD (Fine et al., 1998), the poten-
tial protective role of Ang II on tissue oxygenation via
ATyRs is a compelling area for future study.

4. Focal Segmental Glomerulosclerosis. Focal seg-
mental glomerulosclerosis (FSGS) is a cause of kidney
disease, which is irreversibly progressive. Mesangial
matrix expansion and basement membrane thicken-
ing are the initial structural changes leading to fibro-
sis, which is focal and segmental in the glomerulus
(D’Agati et al., 2011). Pharmacological as well as ge-
netic studies suggest that the AT5R is renoprotective,
including against structural changes in the glomeru-
lus. In addition to amelioration of glomerular injury
in the 5/6 nephrectomy model detailed above, phar-
macological activation of ATsRs by C21 prevented fo-
cal segmental cellularity, mesangial expansion, and
basement membrane thickening in obese Zucker rats
fed high-sodium diet (Dhande et al., 2013; Patel et al.,
2016). The protective effects of ATsRs were associated
with attenuated proteinuria, a renal functional injury
marker, in AT;R-overexpressing mice and in animals
treated with C21 (Hashimoto et al., 2004; Patel et al.,
2016). A very recent study in mice where FSGS was in-
duced by adriamycin treatment has provided further ev-
idence for protective effects of AToRs in this disease.
FSGS was more severe in ATyR-KO mice compared
with wild-type FSGS mice, as evidenced by profound
podocyte loss, glomerular fibrosis, and albuminuria; fur-
thermore, C21 treatment of wild-type FSGS mice re-
duced podocyte injury (Liao et al., 2022).

5. Unilateral Ureteral Obstruction. Unilateral ure-
teral obstruction (UUO) is a well-characterized model
of progressive renal tubulointerstitial fibrosis driven
in large part by increased Ang II levels acting via
AT;Rs in the obstructed kidney (Sharma et al., 1993;
Ishidoya et al., 1995). AT5R blockade with PD123319
was found to exacerbate the increase in interstitial
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volume and collagen IV matrix score of rats with a
unilateral obstructed kidney (Morrissey and Klahr,
1999). These results were confirmed in AT,R-KO,
which displayed more severe renal interstitial fibro-
sis, collagen deposition, and fibroblast/myofibroblast
infiltration as well as reduced apoptosis compared
with wild-type controls (Ma et al., 1998). These stud-
ies demonstrate that the ATsR significantly affects
the remodeling process within the renal interstitial
compartment, likely by regulating the population of
collagen-producing cells. Studies also have shown
that the antifibrotic actions of relaxin via its relaxin
family peptide receptor both in UUO and in vitro are
inhibited by PD123319 or when relaxin is adminis-
tered to AToR-KO (Chow et al., 2014).

6. Hypertensive Nephropathy. Although the role of
AT5Rs in the pathophysiology of primary hyperten-
sion has been extensively evaluated, few studies are
available on the specific role of AT,R in hypertensive
nephropathy. Stroke-prone spontaneously hyperten-
sive rats (SHR-SP) constitute a model of spontaneous
hypertension that develops renal inflammation and fi-
brosis (Gianella et al., 2007). Chronic C21 treatment
dose-dependently delayed the appearance of protein-
uria and reduced mortality in salt-loaded SHR-SP in-
dependent of BP (Gelosa et al., 2009). C21 further
attenuated renal inflammation and fibrosis by reduc-
ing macrophage infiltration, neo-expression of vimen-
tin and collagen deposition, beneficial effects that
were abolished by PD123319.

7. Cyclosporin Nephropathy. Cyclosporin A is a
calcineurin inhibitor widely used as an immunosup-
pressant in organ transplantation. However, one of
the untoward effects of cyclosporine A administration is
nephropathy characterized by tubule atrophy, inflam-
matory cell infiltration, and hyalinosis of the afferent
arterioles followed by tubulointerstitial fibrosis. Chronic
cyclosporin A nephropathy is a major cause of renal al-
lograft dysfunction and failure in transplant recipients.
Cyclosporin A administration to rats increased glomeru-
lar and predominantly tubulointerstitial fibrosis at 1
and 4 weeks. Chronic C21 administration (4 weeks) to
rats with cyclosporine A nephropathy reversed inflam-
matory cell infiltration and tubulointerstitial fibro-
sis to pretreatment control levels independently of
BP (Castoldi et al., 2016).

8. Sickle Cell Nephropathy. Sickle cell nephropathy,
a leading cause of mortality in patients with sickle cell
anemia, comprises a number of renal pathologies, in-
cluding both glomerular and tubular defects. A promi-
nent tubular defect is impaired urine concentrating
ability secondary to erythrocyte sickling-induced vasa
recta occlusion with ischemia leading to loss of normal
medullary osmotic gradient. AT3R-KO have reduced
urine osmolality compared with control wild-type ani-
mals, and administration of AToR agonist C21 in the
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presence of AT R blockade with losartan improved
urine osmolality to control wild-type levels (Roy et al.,
2018). Improvement in urine concentrating ability with
AT9R activation demonstrates another potentially im-
portant renoprotective role of ATsRs in nephropathy.

9. Disorders of Na™ and Fluid Retention. Renal AT,
acting cooperatively with dopamine receptors, counter-
balance Na™ retention elicited by Ang II via AT Rs (see
Section V.A). AT,R activation accounts for natriuresis
in response to AT{R blocker therapy and maintains
normal Na* balance in Ang II-dependent hypertension,
reducing BP. Since ATsRs induce natriuresis in the
RPT, a nephron site for which no natriuretic/diuretic
therapy is currently available, AToR agonists are prom-
ising candidates for treatment of disorders of Na*/fluid
retention such as CKD, heart failure, and Na™-sensi-
tive/volume-dependent hypertension.

10. Summary. Substantial evidence from experi-
mental animal studies underscores the protective role
of the AT5R in DN (prediabetes and type I and type II
diabetes), ischemic nephropathy, UUO, hypertensive
nephropathy, and toxic (cyclosporine) nephropathy.
Beneficial AT9R actions in CKD include inhibition of
renal inflammation and ROS generation as well as
the delay or prevention of renal fibrosis, the founda-
tion of CKD progression to end-stage renal disease
(ESRD). Figure 11 provides a schematic representa-
tion of the signaling pathways that underlie beneficial
actions of AToR agonism in CKD. Although many of
the animal studies cited here are acute and more
long-term information is needed, the available obser-
vations, in aggregate, encourage early phase clinical
testing of nonpeptide AT,R agonist therapy, alone or
combined with an ARB, in human CKD.

B. Heart

1. Acute Myocardial Infarction. Cardiac AToR ex-
pression changes post—-MI in a time-dependent man-
ner. In adult rats, AT;Rs were expressed in about
10% of cardiomyocytes, and this proportion did not
change within the first day after MI (Busche et al.,
2000). However, 1 week after MI, cardiac expression
of the AT5R in rats was enhanced (Nio et al., 1995;
Zhu et al., 2000), whereas in the intermediate phase,
4 weeks post-MI, expression levels of the AToR were
decreased (Lax et al., 2004). In humans, AT9R expres-
sion was reported to be stronger in infarcted than in
adjacent noninfarcted myocardium (Wharton et al.,
1998).

The first studies addressing the role of the AT5R in
MI were performed in genetically altered mice, either
AT3R deficient or overexpressing. For instance, MI in-
duced by coronary artery ligation in male and female
mice with targeted ATo,R gene deletion caused cardiac
rupture (Ichihara et al., 2002), exaggerated early left
ventricular dilation and cardiac dysfunction, and in-
creased mortality, thus supporting a protective effect
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Protective Effect of AT,R Activation in
Experimental Models of Nephropathy
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Fig. 11. Schematic representation of selected signaling pathways whereby AToR activation conveys renal protective effects in various experimental
models of nephropathy. ATsR activation decreases (red arrow) or increases (green arrow) various factors/processes. COL-I, collagen I; COL-IV, colla-
gen-IV; MCP-1, monocyte chemoattractant protein-1; ROS, reactive oxygen species.

of the AToR in MI (Adachi et al., 2003; Oishi et al.,
2003). In a model of myocardial cryoinjury, AToR defi-
ciency resulted in a prohypertrophic effect, suggesting
an antihypertrophic action of the AToR (Brede et al.,
2003). Similar to AT.R-KO, AT3R blockade with
PD123319 further impaired cardiac performance after
MI (Kuizinga et al., 1998). The reverse approach (.e.,
cardiac AT3R overexpression in mice) led to improved
contractile function as shown by echocardiography or
cardiac magnetic resonance (CMR) imaging (Yang
et al., 2002; Bove et al., 2004; Isbell et al., 2007; Qi
et al., 2012; Xu et al., 2014). Specifically, contractility
of peri-infarcted myocardium was improved in these
mice as shown by CMR tagging (Bove et al., 2005).
AT3R overexpression and AT1,R-KO had additive ef-
fects, which at least in part were thought to be due to
the significantly lower BP compared with AT;R-over-
expressing mice without AT1,R-KO (Voros et al.,
2006). However, the additive effect was not apparent
in ATy;R-overexpressing mice treated with losartan
and with a comparable lowering of BP. Several stud-
ies reported an improvement of cardiac function after
MI by AT;R blockade (Jalowy et al., 1998; Xu et al.,
2000, 2002; Jugdutt et al., 2001; Jugdutt and Menon,
2004; Oishi et al., 2006) and provided evidence that
indirect AToR stimulation was involved in these car-
dioprotective effects. Direct AT,R stimulation with

C21 in Wistar rats with left coronary ligation im-
proved systolic and diastolic function coinciding with
a smaller infarct scar (Kaschina et al., 2008). Anti-
inflammation (by reduced cytokine expression) and
antiapoptosis (by rescue of p38 and p44/42 MAPK ac-
tivity) were identified in this study as AT;R-mediated
tissue-protective mechanisms. Improvement of early
ventricular remodeling, in particular prevention of
early ventricular dilatation, hypertrophy, or rupture,
are further proposed AToR effects (Ichihara et al.,
2002; Brede et al., 2003; Oishi et al., 2006; Qi et al.,
2012). Generally, knowledge about AT;R-coupled sig-
naling in MI models is still rather fragmented. Al-
though evidence for an involvement of NO signaling
is consistent (Brede et al., 2003; Bove et al., 2004), a
role for BK acting through the Bs;R is controversial
with one study in support (Jalowy et al., 1998) and
one contradicting this mechanism of action (Isbell
et al., 2007). Involvement of prostaglandins may be
another mechanism (Jalowy et al., 1998; Ichihara
et al., 2002) as is ATyR-induced activation of the Na™-
HCO3; symporter (NBC) in the infarcted myocardium
and consequent prevention of intracellular acidosis
(Sandmann et al., 2001).

Interestingly, populations of ATyR-expressing CD8
(CD8+/AT3R+) and CD4 (CD4+/AToR+) T cells as
well as stem cells (c-kit+/AT5+) have been described
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in the peri-infarct tissue (Altarche-Xifr6 et al., 2009;
Curato et al., 2010; Skorska et al., 2015). Unlike their
non-ATyR-expressing counterparts, these cells had
anti-inflammatory and regenerative properties. Infu-
sion of such CD8+/ATy;R+ and CD4+/ATsR+ T cells
(Curato et al., 2010; Skorska et al., 2015) or of bone
marrow mononuclear cells, which were precondi-
tioned by ATsR stimulation (Xu et al., 2013), reduced
infarct size and improved cardiac function.

Although the overwhelming majority of studies sup-
ported a beneficial effect of the AT,R in MI, there are
also two studies that did not report any impact of the
AT5R on post-MI cardiac performance: one performed
in AT5R-deficient mice (Tschope et al., 2005), and the
other used treatment with C21 at a dose (0.3 mg/kg
per day by minipump), which is standard for intraper-
itoneal (i.p.) bolus administration but due to the
rather short half-life of C21 is likely too low to reach
efficient plasma concentrations when continuously ap-
plied as minipump infusion (Jehle et al., 2012; Kas-
china et al., 2014).

Finally, further evidence for a protective role of the
AT3R in MI came from the identification of an associa-
tion of an AT9R polymorphism (—1332 G/A) and pre-
mature coronary artery disease in males (Alfakih
et al., 2005).

2. Heart Failure. Chronic heart failure (HF) is a
common complication of MI, which is why long-term
follow-up MI models are frequently used for preclini-
cal HF studies. Cardiac AT;R overexpression (Qi
et al., 2012), indirect AT3R simulation by AT;R-block-
ade (Liu et al., 1997; Thai et al., 2003), or direct stim-
ulation of peripheral (Lauer et al., 2014) or central
ATsRs (Gao et al., 2011) has been investigated in such
models. In addition, C21 with or without additional
AT R blockade has been tested in a model of HF
caused by adrenergic overstimulation with isoprotere-
nol (Ulutas et al., 2021). All of the above-cited studies
found an AT;R-mediated improvement of cardiac
function, and most of them reported improved cardiac
remodeling, in particular a reduction of cardiac fibro-
sis, which was associated with a dramatic inhibition
of TGF-f1 expression and an amelioration of the dis-
balanced MMP-9/TIMP1 (tissue inhibitor of metallo-
proteinase 1) ratio (Liu et al., 1997; Qi et al., 2012;
Lauer et al., 2014). An additional, protective mecha-
nism was an increase in NO bioavailability, resulting
in rescue of the impaired, post-MI vasorelaxant re-
sponse (Thai et al., 2003). The detrimental, increased
sympathetic outflow in HF was inhibited by centrally
applied C21 (Gao et al., 2011), which is a promising
mechanism, but with limited translational potential
unless a suitable route of administration for delivery
of an AT,R agonist into the brain can be found (e.g.,
nose-to-brain application) (see Section VI.F.1).
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The reader is referred to a number of review ar-
ticles for more detail (Widdop et al., 2003; Carey,
2005; Kaschina et al., 2014, 2017).

3. Cardiac Hypertrophy. Unlike MI-induced car-
diac remodeling, in which ATyR effects are generally
cardioprotective, there have been many conflicting
studies concerning the involvement of AT,Rs in gen-
eralized cardiac hypertrophy. Indeed, either pro- or
antihypertrophic effects of AT;Rs were noted, derived
from initial AT,R-KO studies whereby left ventricular
hypertrophy (LVH) was induced by aortic banding,
Ang II infusion, or L-NAME; the effects within each
study paralleled changes in cardiac fibrosis (Widdop
et al., 2003; Gross et al., 2004). Additionally, in mice
with cardiac-specific AToR overexpression, cardiac hy-
pertrophy induced by Ang II was unaffected (Sugino
et al., 2001; Kurisu et al., 2003), whereas aortic band-
ing-induced LVH was inhibited (Yan et al., 2008). In
rats, early postnatal cardiac AT;R gene delivery in-
hibited cardiac mass in adult SHR (Metcalfe et al.,
2004) as well as Ang II-induced cardiac hypertrophy
in adult rats (Falecon et al., 2004). Thus, there is no
clear consensus from AT,R gene modification studies
for AT,Rs to influence cardiac hypertrophy since pro-
hypertrophic (Senbonmatsu et al., 2000; Ichihara
et al., 2001), antihypertrophic (Falcéon et al., 2004;
Gross et al., 2004; Metcalfe et al., 2004; Yan et al.,
2008) and neutral (Akishita et al., 2000b; Sugino
et al., 2001; Wu et al., 2002; Kurisu et al., 2003) ef-
fects of AToRs on cardiac mass have been reported
[see also Jones et al. (2008) and Steckelings et al.
(2010)] . Inconsistent findings for Ang II-induced car-
diac hypertrophy have also been reported in vitro us-
ing AT,R-transfected cardiomyocytes (D’Amore et al.,
2005; Aranguiz-Urroz et al., 2009). All of the
‘antihypertrophic’ as well as ‘neutral’ studies for car-
diac hypertrophy, listed above, also exhibited cardiac
antifibrotic effects (see Section VI.B.3/4), which points
to a greater AT3R sensitivity for protection against ex-
tracellular matrix deposition than cardiomyocyte hy-
pertrophy, at least with AT;R gene manipulation.
Similarly, the ability of PD123319 to reverse the car-
dioprotective effects of AT R blockade, indirectly im-
plicating AT.R involvement, was apparent for
antifibrotic but not antihypertrophic cardiac effects in
SHR (Varagic et al., 2001; Jones et al., 2012). More re-
cently, there have been studies that directly ad-
dressed AT,R-induced modulation of cardiac mass
using AT5R agonists, from which there is greater con-
sensus for antihypertrophic effects in the heart. Reh-
man et al. (2012) demonstrated cardioprotective
effects of C21 in SHR-SP by a reduction in molecular
markers of cardiac hypertrophy although LVH per se
was not reduced. In other models in which there was
no evidence of increased baseline cardiac hypertrophy
such as diabetic Zucker rats (Castoldi et al., 2019)
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and high salt-fed rats (Dopona et al., 2019), C21 re-
duced cardiomyocyte size on histologic analysis but
not gross cardiac hypertrophy. In Ang II-infused rats,
daily intraperitoneal injections of C21 prevented LVH
(Castoldi et al., 2021). CGP42112A did not modify car-
diac mass in high salt-fed FVB/N mice (Wang Y et al.,
2020), which was not surprising given the lack of car-
diac hypertrophy in this model, whereas NP-6A4 re-
duced cardiac hypertrophy in Zucker rats (Gavini
et al., 2021). Collectively, these antihypertrophic effects
due to AT5R stimulation occurred independently of BP
in both normotensive and hypertensive models that ex-
hibited cardiac hypertrophy.

4. Hypertension-Induced Cardiac Fibrosis. As de-
scribed in earlier sections (Sections III.LE.2 and VI.B.1),
the AT9R is well represented across a variety of cell
types in the heart and, importantly, is highly expressed
in cardiac fibroblasts in diseased human hearts (Brink
et al., 1996; Tsutsumi et al., 1998; Wharton et al., 1998;
Widdop et al., 2003), which is a key cellular source of
ECM proteins that play a pivotal role in cardiac remod-
eling. The majority of cardiac studies that have investi-
gated the role of AToRs in cardiac fibrosis have used
models of cardiac injury such as acute MI (see Section
VI.B.1). In contrast, there have been few reports that
directly inform on AT.R involvement in hypertensive
states. In MI-induced HF, there is a reparative response
to acute ischemic injury since the latter induces cardio-
myocyte death. Under these circumstances, there is an
acute inflammatory phase to remove necrotic tissue fol-
lowed by increased collagen production to stabilize car-
diac structural integrity at the site of MI injury,
although this profibrotic activity often spills into regions
remote from the initial injury (Prabhu and Frangogian-
nis, 2016; Wang et al., 2022). In contrast, in hyperten-
sive heart disease with no obvious acute injury, there is
persistent inflammation and oxidative stress that leads
to ECM buildup throughout the heart (Berk et al.,
2007). This is exemplified in various reactive cardiac fi-
brosis models, as recently reviewed (Wang et al., 2022).
This so-called reactive fibrosis does not usually have a
defining trigger and is a common sequela in hyperten-
sion and cardiometabolic disease. The contrasting ef-
fects of AT9R stimulation on ECM turnover after acute
MI- or hypertension-induced cardiac fibrosis have been
reviewed elsewhere (Wang Y et al., 2017). In early
studies, Varagic and colleagues (2001) reported that
PD123319 could reverse candesartan-induced reduc-
tions in left and right ventricular fibrosis in 22-week-old
male SHR over a 12-week treatment regimen. In con-
trast, Jones et al. (2012) studied both adult (20 weeks)
and aged (20 months) male SHR and found that al-
though candesartan did not reduce cardiac fibrosis
over 4 weeks, it reduced perivascular fibrosis, which
was reversed by PD123319 in aged SHR. Collec-
tively, these data are consistent with an antifibrotic
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role of the AT3R in hypertensive hearts, at least as
part of the therapeutic effect of ARBs that was inde-
pendent of any BP effects.

Surprisingly, there are relatively few reports on the
effects of AT5R stimulation on hypertension-related
end organ damage, at least in the heart. C21 was
given chronically to SHR-SP that had markedly ele-
vated BP (Rehman et al., 2012). In this study, C21 re-
duced myocardial interstitial as well as perivascular
collagen content, and this cardiac antifibrotic effect
was enhanced in combination with losartan. Ang II-
induced hypertension also causes cardiac fibrosis. Ini-
tially, there were contrasting effects reported using
different AT5;R-KO mice derived from different back-
ground strains, which has been discussed in detail
previously (Widdop et al., 2003). However, an antifi-
brotic effect of AToR stimulation is generally accepted
based on AT,R-KO studies in which cardiac fibrosis
was induced by either Ang II (Jones et al., 2008) or L-
NAME (Gross et al., 2004). Consistent with this con-
cept, Ang II-induced interstitial and perivascular fi-
brosis was blunted in mice in which cardiomyocytes
overexpressed ATsRs (Kurisu et al., 2003). This effect
was mediated via a BK/NO-dependent mechanism
and was independent of BP, which was raised by Ang
II in this model. Similarly, an antifibrotic effect was
observed in rat hearts transduced 5 days after birth
with lentivirus containing AT;Rs, with rats then sub-
jected to Ang II at 15 weeks of age (Falcon et al.,
2004). Consistent with these findings, it was recently
reported that, in Ang Il-infused rats, C21 (0.3 mg/kg
per day by i.p. injection for 1 or 4 weeks) prevented
cardiac fibrosis (Castoldi et al., 2021).

The ingestion of high salt in the diet is another ex-
ample of a cardiac fibrotic model, although high salt
exerts a variable effect on BP (Wang et al., 2022). In
male Wistar rats fed a high-salt diet (8% NaCl),
there was a marked hypertensive effect accompanied
by modest cardiac fibrosis in the left, but not right,
ventricle. C21 was given by daily gavage commencing
4 weeks after the start of the high-salt diet as an in-
tervention protocol for a further 11 weeks. C21 slightly
reduced the markedly elevated BP while reducing
cardiac fibrosis in both ventricles (Dopona et al.,
2019). This antifibrotic effect is likely to be a class ef-
fect since the ATsR agonists CGP42112A (Wang Y
et al., 2020) and NP-6A4 (Gavini et al., 2021) also
evoked cardiac antifibrotic effects in models without
any background hypertension. Wang Y et al. (2020)
reported that CGP42112A reversed high-salt (5%)—in-
duced interstitial fibrosis and inhibited the high-
salt-induced elevation in tissue inhibitor of matrix
metalloproteinases-1 in male FVB/N mice over a 4-
week treatment period in which candesartan cilexetil
was ineffective. In addition, daily subcutaneous injec-
tions of NP-6A4 for a fortnight reduced cardiac fibrosis
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and improved diastolic dysfunction in obese male
Zucker rats (Gavini et al., 2021).

C. Blood Vessels

1. Vascular Remodeling. Remodeling of blood ves-
sels occurs in response to injury, aging, or to various
diseases associated with disturbances of blood flow,
dysregulation of plasma lipid and glucose levels or
with systemic inflammation. It can manifest as hyper-
plasia of intima (involving vascular endothelial cells)
or media [involving vascular smooth muscle cells
(VSMCs)], fibrosis (involving vascular fibroblasts), or
calcification (van Varik et al., 2012; Renna et al.,
2013). Victor Dzau’s group investigated the role of the
AT5R in neointima formation in a series of studies us-
ing various genetic models. In the first of these stud-
ies, neointima proliferation was induced by balloon
injury in rat carotid arteries (Nakajima et al., 1995).
AT5R overexpression in the injured area by viral
transduction reduced proliferation of neointimal cells
and thereby neointimal area by 70% compared with
arteries treated with a control vector. This effect could
be blocked by PD1232319 (Nakajima et al., 1995). A
follow up study in AT,R-KO or wild-type mice used a
model of neointima proliferation induced by vascular
inflammation triggered by placement of a polyethyl-
ene cuff around the femoral artery (Akishita et al.,
2000a). Neointimal area and VSMC proliferation
were increased by almost 100% by AT.R deficiency,
again indicating an inhibitory role of the ATsR on
neointima formation. In two further studies, the
Dzau group showed that the AT;R-mediated protec-
tion from neointima formation was sex and age de-
pendent because the protective effect was stronger in
females (Okumura et al., 2005) but weaker in aged
animals (Okumura et al., 2011). Enhanced neointima
formation in AT5R-KO compared with wild-type mice
was confirmed by an independent group in a model
of neointima proliferation induced by wire injury of
femoral arteries (Yamamoto et al., 2008). Vascular
inflammation and neointima formation in the poly-
ethylene cuff model were also inhibited by AT:R
blockade with valsartan, and this effect included in-
direct AToR stimulation because it was markedly at-
tenuated by coadministration of PD123319 (Wu et al.,
2001). A similar observation was made for hyperten-
sion-induced vascular hypertrophy, which is primarily
driven by an increase in media thickness. Reduction of
media-to-lumen ratio by the AT;R-antagonist cande-
sartan cilexetil in aged Wistar rats was reversed by
concomitant ATsR blockade with PD123319, suggest-
ing again that the favorable effect of AT;R-blockade
was primarily due to indirect AToR stimulation (Jones
et al., 2004). Of note, although AT;R-blockade signifi-
cantly lowered BP, which likely contributed to the anti-
hypertrophic effect, AToR blockade was BP neutral,
thus pointing to BP-independent effects of the ATsR on
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vascular hypertrophy (Jones et al., 2004). This as-
sumption is supported by two more studies: one re-
porting spontaneous media hypertrophy in femoral
arteries of AT3R-KO compared with wild-type mice,
whereas there were no differences in BP between
the two strains (Brede et al., 2001), and another re-
porting a greater wall-to-lumen ratio in coronary
arteries from AT,R-KO than from wildtype mice af-
ter aortic banding despite a comparable increase in
BP (Akishita et al., 2000Db).

In contrast to the above studies, which took an in-
direct approach and investigated the impact of AT,R
antagonism or knockdown on neointima prolifera-
tion, another study took the direct approach and
treated mice with C21 after polyethylene cuff-in-
duced vascular injury (Kukida et al.,, 2016). C21
treatment inhibited neointimal cell proliferation,
neointima area, and expression of various inflamma-
tory markers through a signaling cascade involving
ATIP and PPARy activation (Kukida et al., 2016). A
combination of C21 with rosuvastatin in this model
resulted in synergistic effects (Bai et al., 2016). Fur-
thermore, in a model of balloon injury in rat carotid
artery, perivascular infusion of CGP42112A (at that
time thought to be an antagonist) significantly pre-
vented neointima formation (Janiak et al., 1992). De-
tails of the inflammatory mediators involved in AT,
R-induced modulation of neointimal formation is
noted in Section VI.C.3.

Two studies with similar design were published
back-to-back in 2012 and examined the effect of AT5R
stimulation on fibrotic aspects of hypertension-in-
duced vascular remodeling. One study used SHR-SP
(Rehman et al., 2012), the other Wistar rats treated
with the eNOS-inhibitor L-NAME (Paulis et al.,
2012). In both studies oral treatment with C21 re-
sulted in an attenuation of vascular stiffness and of
extracellular matrix deposition. Both studies com-
pared the effect of C21 with the effect of an AT;R-
blocker and unequivocally found that effects on vascu-
lar fibrosis and stiffening were similar, although only
the AT R-antagonists lowered BP. For most measured
parameters, there was no additive or synergistic ef-
fect of combined AT;R blockade/AT5R stimulation
(Paulis et al., 2012; Rehman et al., 2012).

Vascular fibrosis due to hyperglycemia or hyperlip-
idemia also responded to AToR agonist treatment,
which resulted in a reduction in collagen deposition
and fibrotic markers (e.g., TGF-B, MMP activity) as
shown in a model of high-fat diet—induced obesity
(Gonzalez-Blazquez et al., 2021a) and in Apolipopro-
tein E (ApoE) ™~ mice with STZ-induced type I diabe-
tes (Chow et al., 2016).

The latest addition to studies on AT9R-mediated ef-
fects on vascular remodeling reported an attenuation
of vascular calcification, which was induced by an
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adenine/high-phosphate diet, in mice with VSMC-spe-
cific AToR overexpression and in Wistar rats treated
with C21 (Kukida et al., 2019). Reduced phosphate-in-
duced calcification or calcium deposition, respectively,
were further found in rings from thoracic aorta and
in primary VSMCs derived from AT;R-overexpressing
mice but not in aortic rings or cells from wild-type
mice. These in vivo and in vitro effects could be
blocked with the PPARy-inhibitor GW9662, suggest-
ing that this ATyR effect involved PPARy activation
(Kukida et al., 2019).

Despite a vast majority of publications supporting
a beneficial role of the AToR in vascular remodeling,
there are also studies that opposed this view and re-
ported no effect or even a pathology-promoting ac-
tion of AT9R in this context (Levy et al., 1996; Sabri
et al., 1997; Otsuka et al., 1998; Cao et al., 1999;
Nasser et al., 2014). However, all of these studies
used the AT9R antagonist PD123319, but not an ag-
onist, for detection of ATy;R-mediated effects, which
due to the potential partial agonistic property of
PD123319 (see Section IV.C) may have led to false
conclusions.

Notably, ATR stimulation has not only been reported
to counteract mechanisms that mediate pathological, in-
ward-hypertrophic vascular remodeling, but it also pro-
motes outward vascular remodeling, which results in an
increase in lumen diameter. This effect was described in
a model of ligation of selected mouse mesenteric arter-
ies, which induced high flow in the nonligated arteries.
The authors showed that the increase in diameter (as a
result of outward remodeling) of the high-flow arteries
7 days after ligation was dependent on ATyR-mediated
interleukin-17 production by T lymphocytes (Caillon
et al., 2016).

2. Atherosclerosis. Ang II is well known to pro-
mote the pathogenesis of atherosclerosis via AT{R ac-
tivation (Daugherty and Cassis, 2004). In contrast,
the effects of ATyRs on atherosclerosis are more con-
troversial and dependent on the research tools being
employed in each study. The AT,R antagonist
PD123319 potentiated Ang II-induced atherosclerosis
in young (2-month-old) but not in aged (11-month-old)
female ApoE-deficient mice from the same study
(Daugherty et al., 2001). PD123319 was without effect
in male Ang II-infused hypercholesterolemic low-den-
sity lipoprotein (LDL)-deficient mice (Daugherty
et al., 2013) or male Ang Il-infused ApoE-deficient
mice (Johansson et al., 2005), whereas it was reported
to reduce atherosclerosis in male diabetic ApoE-defi-
cient mice (Koitka et al., 2010). Although early stud-
ies that deleted the AT;R inferred atheroprotective
effects due to AT9R activation, such findings were not
universal. Exaggerated atherosclerotic lesions oc-
curred when the AT;R was deleted from male hyper-
cholesterolemic ApoE-deficient mice (Iwai et al., 2005)
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or when AT,R deficiency prevented a decrease in le-
sional macrophages, lipids, and collagen, which oc-
curred in wild-type mice over time (Sales et al., 2005).
In conrast, ATsR deletion had not impact on athero-
sclerosis at all in hypercholesterolemic LDL-deficient
mice (Daugherty et al.,, 2004), male Ang II-infused
ApoE-deficient mice (Johansson et al., 2005) or male
Ang II-infused hypercholesterolemic LDL-deficient
mice (Daugherty et al., 2013). One study in male dia-
betic ATsR- and ApoE-deficient mice even reported
protection from atherosclerosis by AT.R-KO (Koitka
et al., 2010). In contrast, consistent with an antia-
therosclerotic effect mediated by the ATsR, systemic
overexpression of AT.Rs in hypercholesterolemic
LDL-deficient mice (Dandapat et al., 2008; Hu
et al., 2008) or overexpression of vascular AToRs in
Ang Il-infused ApoE-deficient mice (Takata et al.,
2015) resulted in reduced vascular inflammation
and oxidative stress together with reduced athero-
sclerotic lesion development. Of note, all of the
aforementioned studies not only employed different
experimental models but also differed on various as-
pects, including mode of facilitating atherosclerosis,
gender, age of mice, duration of treatment, or study.
Therefore, it is hardly surprising that such experi-
mental differences led to variable outcomes.

Nevertheless, AToRs are localized in plaque and in-
flammatory cells within plaque in both animal studies
(Johansson et al., 2005; Sales et al., 2005; Zulli et al.,
2006) and human atherosclerotic lesions (Johansson
et al., 2008). Indeed, chronic treatment with
CGP42112A over the final 4 weeks of a 16-week high-
fat diet regimen in male ApoE-deficient mice resulted
in reduced atherosclerotic lesions and improved NO
bioavailability that was manifest by improved endo-
thelial function in a PD123319-sensitive manner (Te-
sanovic et al., 2010; Kljajic et al., 2013) In analogous
protocols, Ang-(1-7) also evoked atheroprotective ef-
fects that were partially AToR-mediated (Tesanovic
et al.,, 2010). Ang II itself was also reported to be
atheroprotective via AT,Rs in hypercholesterolemic
ApoE-AT R double KO mice since Ang II decreased
plaque formation, whereas PD123319 increased pla-
que formation in the same model (Tiyerili et al.,
2012). Finally, C21 was recently reported to exert
atheroprotective effects along the entire length of the
aorta in diabetic ApoE-deficient mice (Chow et al.,
2016) using an identical model in which, in contrast
to this finding, PD123319 was reported previously to
reduce lesion burden (Koitka et al., 2010). Based on
the weight of evidence from AT3R overexpression and
direct AT9R stimulation studies, the ATsR can be con-
sidered a therapeutic target for atherosclerosis, which
most likely involves an anti-inflammatory component
(see next section).
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3. Vascular Inflammation. There is much evidence
to suggest that AT,Rs mediate an anti-inflammatory
profile, particularly in cell-based studies (Rompe et al.,
2010a,b; Patel et al., 2020; Fatima et al., 2021) and in
the kidney (Sabuhi et al., 2011; Dhande et al., 2013),
where AT9R stimulation reduced proinflammatory cyto-
kines such as IL-6 and increased the anti-inflammatory
cytokine IL-10 (see Section VI.A). Consistent with the
majority of aforementioned studies reporting on AT5R-
mediated antiatherosclerotic effects (see Section VI.C.2),
there were also reductions in elevated inflammatory cy-
tokines and oxidative stress in the vessel wall and/or
plaque lesion evoked by AT.R stimulation (Iwai et al.,
2005; Sales et al., 2005) or ATsR overexpression (Dan-
dapat et al., 2008; Hu et al., 2008; Takata et al., 2015).
Along similar lines, AT3R stimulation increased NO
bioavailability in aortic tissue from hypercholester-
olemic ApoE-deficient mice after chronic treatment
with CGP42112A (Kljajic et al., 2013), Ang-(1-7)
(Tesanovic et al., 2010), or Ang IV (Vinh et al.,
2008a,b), which is likely to limit oxidative stress
and contribute to vascular anti-inflammatory ef-
fects of such peptides.

Distinct from atherosclerotic studies, there are also
a number of studies that have examined the influence
of AT,Rs on vascular injury. Balloon injury to rat ca-
rotid arteries led to detectable AToR mRNA in the
vessel wall, which was not detected in uninjured ves-
sels (Nakajima et al., 1995). Moreover, AT5R transfec-
tion into this balloon-injury model led to attenuation
of the usual neointimal formation due to the balloon
injury (Nakajima et al., 1995), linking increased vas-
cular AT,Rs with protective effects in vasculature.
The introduction of a polyethylene cuff around the
femoral artery in mice has also been used as a model
to induce inflammatory responses with enhanced pro-
liferation and migration of VSMCs from media into
the intima. Femoral cuff placement caused a neointi-
mal lesion with increased expression of proinflamma-
tory cytokines, including interleukin-1f (IL-1p5), IL-6,
and TNF-x together with infiltration of leukocytes
and macrophages, effects that were enhanced in ATy
R-KO (Akishita et al., 2000a; Wu et al., 2001; Oku-
mura et al.,, 2005). The ATo,R antagonist PD123319
also increased neointimal formation in the cuff-in-
duced vascular injury model (Akishita et al., 2000a).
This cuff model of nonocclusive vascular injury was
associated with increased ATsR expression in the in-
jured vessel in the aforementioned studies and has
been used to identify that neointimal formation and ele-
vated chemokine expression and superoxide production
in injured femoral arteries were all attenuated in fe-
male mice compared with male counterparts, which
was associated with an estrogen-sensitive upregulation
of AToRs (Okumura et al., 2005, 2011). In the same
model, C21 decreased neointimal formation and expres-
sion of MCP-1, TNF-«, IL-18, and oxidative stress
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(Kukida et al., 2016; Nakaoka et al., 2016). These anti-
inflammatory effects of C21 were in part mediated by
PPARy (Kukida et al., 2016) or were synergistic with ro-
suvastatin on preventing vascular remodeling (Bai
et al., 2016). Interestingly, the ability of valsartan to in-
hibit neointimal inflammation was greater in female
than male mice, which was diminished in AT,R-KO
(Wu et al., 2001; Okumura et al., 2005), implying an
AT5R component to the anti-inflammatory effect of AT,
R blockade.

The vascular anti-inflammatory effect of AT3R stim-
ulation has also been examined in hypertensive ani-
mals chronically treated with C21. For example, in
salt-loaded SHR-SP, the severe vascular lesions in the
kidney, exemplified by hyperproliferative and hyper-
trophic arterioles (and marked tubulointerstitial fi-
brosis), were all prevented by relatively high C21
doses (Gelosa et al., 2009). In the same animal model
but without salt loading, C21 prevented superoxide
production in aortic and mesenteric vessels as well as
aortic vascular cell adhesion molecule 1 (VCAM-1) ex-
pression and monocyte/macrophage infiltration in
aorta and kidney (Rehman et al., 2012).

4. Hypertension. The ATsR is thought to inhibit
AT R-mediated contraction, and there are many in-
stances in which reduced Ang II-induced pressor ac-
tivity in rodents likely reflects tonic ATyR-mediated
relaxation. For example, manipulation of ATsR levels
has direct effects on BP or vessel phenotype. AT5R-
KO mice exhibited either no change (Hein et al.,
1995a) or increased (Ichiki et al., 1995) basal BP,
whereas both research groups reported increased sen-
sitivity to Ang II-evoked pressor activity, reflecting an
inhibitory effect of AToRs on vascular tone. Similarly,
vascular ATsR overexpression, although not affecting
basal BP, virtually abolished Ang II-mediated pressor
responses in vivo and reduced aortic contraction
in vitro (Tsutsumi et al., 1999). Intriguingly, these
protective vascular effects of the AToR were manifest
despite the maintained predominance of vascular AT,
Rs in the aforementioned study (AT R:ATsR ratio of
~10:1 in wild-type aorta vs. ~3:1 in overexpressed
AT3R in aorta). This finding emphasizes the vasopro-
tective potential of the AT;R even when its own (in-
creased) expression was still at lower relative levels
than the AT;R. Abdominal aortic banding evokes hy-
pertension and markedly increases thoracic aortic
AT,;R expression in rats (Yayama et al.,, 2004) and
mice (Hiyoshi et al., 2004; Yayama et al., 2006), as
also seen in 2-kidney-1-clip-hypertensive mice
(Hiyoshi et al., 2005). At the same time, Ang II-medi-
ated aortic contraction was reduced in these mice
probably due to AT.R upregulation as indicted by
PD123319-sensitivity and eNOS-cGMP involvement
in this effect (Hiyoshi et al., 2004, 2005; Yayama
et al., 2004, 2006). Given the widespread but low AT,
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R expression in vasculature, coupled with demonstra-
tions of in vitro vasorelaxation (see vascular Sections
III.LE.3 and V.C), it is not surprising that selective
stimulation of AToRs by CGP42112A (infused subcu-
taneously) lowered BP, provided that there was a
background of AT;R blockade in conscious rats (Barber
et al., 1999; Carey et al., 2001). Indeed, a number of
AT5R agonists (all infused subcutaneously), including
CGP42112A (Barber et al., 1999), Ang-(1-7) (Walters
et al.,, 2005), C21 (Bosnyak et al.,, 2010; Brouwers
et al., 2013), p-Tle>-Ang II (Jones et al., 2011), and
p-Pro’-Ang III (Del Borgo et al., 2015) all acutely re-
duced BP in conscious SHR due to reduced vascular
tone in hypertensive vessels since these acute antihy-
pertensive effects were associated with increased pe-
ripheral vasodilation (Li and Widdop, 2004).

However, the majority of studies using oral admin-
istration of C21 ranging from 4 days to 6 weeks failed
to reduce BP in various hypertensive models (Gelosa
et al., 2009; Matavelli et al., 2011; Paulis et al., 2012;
Rehman et al., 2012), although it did so in high salt-
fed obese Zucker rats (Ali et al., 2015). In addition, re-
nal interstitial infusion of C21 reduced BP in Ang II-
induced hypertension over 7 days in rats (Kemp
et al., 2014, 2016). Chronic CGP42112A also reduced
BP in obese hypertensive Zucker rats (Sabuhi et al.,
2011; Ali et al., 2013) but not in 2-kidney-1-clip hyper-
tensive mice (Cervenka et al., 2008), prehypertensive
Zucker rats (Dhande et al., 2013) or high-salt—fed
mice (Wang Y et al., 2020). C21 also reduced mesen-
teric artery stiffness and improved endothelial relaxa-
tion in mesenteric arteries together with reduced aortic
collagen and fibronectin levels (Rehman et al., 2012).
Similarly, Paulis and colleagues (2012) showed that
C21 partly reduced aortic wall thickness, stiffening,
and collagen accumulation that occurred as a result
of L-NAME-induced hypertension and normalized
vascular collagen content when combined with an
ARB; all effects were BP and NO independent. In
contrast, there were BP-dependent effects related to
ex vivo vascular function since AT;R-mediated con-
traction of mesenteric arteries from SHR was con-
verted to ATy;R-mediated relaxation when BP was
reduced by antihypertensive therapy to normoten-
sive levels in SHR (You et al., 2005). Chronic AT R
blockade also unmasked ATsR-mediated vasorelaxa-
tion in previously unresponsive aortic vessels from
SHR or SHR-SP (Cosentino et al., 2005; Savoia
et al., 2005) or human gluteal resistance arteries
(Savoia et al., 2007), which is consistent with in-
creased vascular AT;R expression after such treat-
ments (Cosentino et al., 2005; You et al., 2005;
Savoia et al., 2007). Moreover, an ATsR-mediated
component to the aortic antihypertrophic effects of
ARB treatment was implicated since PD123319
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reversed these vasoprotective effects (Tea et al.,
2000; Jones et al., 2004, 2012; Brassard et al., 2005).

5. Aortic Aneurysm. A potential protective role of
the AT5R in aortic aneurysms (AAs) has been studied
using experimental models of thoracic and abdominal
aneurysms. Using a genetic mouse model of thoracic
AA based on the fibrillin-1 mutation that is the most
frequent cause of Marfan syndrome (Fbn1¢1039¢/+
mice), it was shown that additional knockout of ATyRs
accelerated aneurysm growth and rupture (Habashi
et al., 2011). Indirect evidence for a protective role of
the AT5R was further based on the observation made
in this and another study (Te Riet et al., 2016) that
RAS inhibition by AT;R blockade, but not by ACE or
renin inhibition, attenuated thoracic AA, suggesting
that the beneficial effect of AT;R blockade was due
to elevated Ang II levels stimulating unopposed
AT3Rs. This assumption was supported by a much
weaker effect of AT R blockade in AT.;R-deficient
than in wild-type mice (Habashi et al., 2011). Inhibi-
tion of TGF-f—induced ERK1/2 MAPK signaling was
identified as underlying, protective ATyR-coupled
mechanism. The AT R antagonist losartan (i.e., poten-
tial indirect AT5R stimulation) has been tested in vari-
ous clinical trials in patients with Marfan syndrome
for the deceleration of aneurysm progression, unfortu-
nately with inconclusive results. However, a very re-
cent long-term follow up analysis of the COMPARE
trial found a significant reduction of death, need for
surgery, and severe complications in patients treated
with losartan in combination with a beta blocker
(van Andel et al., 2020). Evidence for the relevance
of AT,Rs in the human situation is further supported
by increased ATyR expression in human AA: in hu-
man abdominal AA lesions, AToRs were mainly local-
ized in the inflammatory infiltrates and endothelium
of vasa vasorum (Kaschina et al., 2009), whereas in
human thoracic AA, AT;Rs were found in protective
CD8"/AT,R"- and CD4/AT,R*-T-lymphocyte popula-
tions, which were associated with inhibition of growth,
apoptosis, and MMP-2 expression (Wang et al., 2015;
Wang C et al., 2017).

Three recent studies investigated direct pharmaco-
logical stimulation of the AT5R with C21 or NP-6A4 in
AA. In an elastase model of abdominal AA, treatment
with C21 prevented aortic dilatation by mechanisms
including antiproteolysis, reduced inflammation and fi-
brosis, and downregulation of apoptotic pathways
(Lange et al., 2018). Antiproteolysis and anti-inflam-
mation were also observed by Sharma et al. (2020) in
response to AT5R stimulation with NP-6A4 in abdomi-
nal AA induced by Ang II treatment in ApoE~~ mice.
However, these effects at the molecular level only led
to decreased aortic stiffness but not to an attenuation
of aneurysm formation. In a model of Marfan syn-
drome in mice, treatment with a very high dose of C21
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(0.5 and 5 mg/kg per day i.p.) for 6 months had no ef-
fect at all on thoracic AA development, which could
have been caused by loss of selectivity of C21 for the
AT5R over the AT R at these high doses (Verbrugghe
et al., 2018).

Due to the inconsistent outcomes, more studies are
warranted to obtain more conclusive results about the
efficiency of targeting the ATyR for the treatment of
aneurysm.

6. Preeclampsia. In pregnancy, an activated RAS
plays a key role in maintaining fetoplacental circula-
tion (Wilson et al., 1980). Interestingly, in healthy,
pregnant women, the elevated Ang II plasma levels
do not lead to an increase in BP despite an increase
in extracellular volume (Gant et al., 1973). Pre-
eclampsia, which is defined as onset of hypertension
and proteinuria (>300 mg/l) after gestational week
20, is still one of the most common complications and
the worldwide leading cause of death in pregnancy
(Phipps et al., 2019). A highly indicative pathome-
chanism of preeclampsia is restoration or even exag-
geration of the pressor response to Ang II (but not to
other vasoconstrictors), which can already be detected
before onset of symptoms and which after delivery re-
mains for more than 1 year (Aalkjaer et al., 1985;
Stanhewicz et al., 2017). There is evidence from stud-
ies in various species that an increase in vascular,
vasodilatory AToRs contributes to the protection of
normally pregnant females from developing BP from
increased Ang II levels, whereas in preeclampsia, an-
giotensin receptor expression changes in favor of AT,
Rs causing an enhanced vasoconstrictive phenotype
(Burrell and Lumbers, 1997; Stennett et al., 2009;
Pulgar et al., 2011; Mishra et al., 2018; Assersen
et al., 2020; Mishra and Kumar, 2021). Similar obser-
vations have also been made in human biopsies from
normally pregnant and preeclamptic women (Judson
et al., 2006; Hladunewich et al., 2011; Stanhewicz
et al., 2017). The hypothesis of decreased AT3R
expression as pathogenetic factor in preeclampsia is
further supported by the existence of an ATsR poly-
morphism, which reduces the expression of AT3Rs
and is associated with an increased incidence in pre-
eclampsia (Li et al., 2015). Mechanisms responsible
for the imbalance in AT;R/AT5R ratio in preeclampsia
are still unknown and warrant investigation, as does
the suitability of AToR stimulation as a therapeutic
approach in preeclampsia with the goal to compensate
for reduced AT3R expression.

D. Cutaneous Disease

Since the first description of the existence of a local
RAS in mammalian (including human) skin ~20 years
ago, multiple studies have investigated its relevance
for dermatological diseases and found evidence for its
involvement in wound healing, hypertrophic scars/
keloids, scleroderma, dystrophic epidermolysis bullosa,
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Dupuytren’s disease, squamous cell carcinoma, mela-
noma, and psoriasis. These findings have been reviewed
in detail in several recent articles (Bernasconi and
Nystrom, 2018; Aleksiejczuk et al., 2019; Hedayatyanfard
et al., 2020; Silva et al., 2020).

Regarding AT5R in skin, current experimental evi-
dence is strongest for a role in wound healing, Du-
puytren’s disease, and melanoma.

1. Wound Healing. With regard to wound healing,
several studies unanimously reported dynamic
changes in angiotensin receptor expression during
the different phases of wound healing, specifically, a
stronger increase in AT;Rs than ATsRs during early,
proliferative phases of wound closure, whereas in the
later remodeling phase, AT3R upregulation was prom-
inent (Bernasconi and Nystrom, 2018; Aleksiejczuk
et al., 2019; Silva et al., 2020). Such a pattern makes
sense since in the early phases of wound healing and
reepithelization, a proproliferative action of AT Rs is
needed for accelerating wound closure. Consequently,
in AT{R-KO mice and in rats treated with an ARB,
wound closure was delayed (Takeda et al., 2004; Ya-
hata et al., 2006; Faghih et al., 2015). In contrast, in
AT,R-KO reepithelization was accelerated. This sup-
ports an antiproliferative effect of AT9Rs, which may
balance the proproliferative AT R effects but will be
overruled by AT;R-mediated proliferation because of
much higher abundance of AT Rs in this phase of
wound healing (Faghih et al., 2015). During the re-
modeling phase of wound healing, AT9R expression is
stronger and its antifibrotic, TGF-f-lowering proper-
ties seem essential for the formation of resilient scar
tissue as indicated by the fact that skin from ATyR-
KO ruptures from lower tension than skin from wild-
type mice (Faghih et al., 2015).

2. Dupuytren’s Disease. The antifibrotic features of
the AT9R further motivated researchers to test the ef-
fect of treatment with C21 in a xenograft model of
Dupuytren’s disease in which palmar cord specimens
were implanted under the dorsal skin of nude mice
(Chisholm et al., 2017). Systemic (intraperitoneal) ad-
ministration of C21 led to a significant inhibition of
myofibroblast proliferation. In dermal fibroblasts, C21
inhibited various components of the TGF-f signaling
cascade [CTGF, fibroblast-specific protein-1, TGF-f1,
Suppressor of mothers against decapentaplegic
(SMAD) 3/4], thus clearly showing an antifibrotic,
ATyR-mediated effect in skin (Chisholm et al., 2017).

3. Melanoma. The third skin disease for which
preclinical data strongly support a therapeutic effect
of AT,R stimulation is malignant melanoma. Treat-
ment of mouse and human melanoma cells in vitro by
an AToR agonist decelerated transendothelial and
“normal” migration (Martinez-Meza et al., 2019). In
vivo, AToR stimulation attenuated lung metastases
from melanoma cells (Martinez-Meza et al., 2019).
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This study and the underlying anticancer signaling
mechanisms are reviewed in more detail in Section
VI.H.

Pathomechanisms related to the RAS in skin and
potential therapeutic interventions are a dynamic
field, with many findings only made during very re-
cent years and with many more insights to be
expected.

E. Lung

1. Pulmonary Hypertension and Fibrosis. The pre-
clinical studies on pulmonary fibrosis and hyperten-
sion are of particular interest since idiopathic
pulmonary fibrosis was the first indication that was
selected for the clinical development of AT>R agonists.

A therapeutic effect of AToR agonists has been dem-
onstrated in models of monocrotaline (MCT)-induced
(Bruce et al., 2015), bleomycin-induced (Rathinasaba-
pathy et al., 2018), and hyperoxia-induced pulmonary
fibrosis (Wagenaar et al., 2013). Although the MCT
model is regarded as the standard model for PH and
the bleomycin model as the standard model for pul-
monary fibrosis, PH and pulmonary fibrosis develop
in both models.

Bruce et al. (2015) induced pulmonary fibrosis in 8-
week-old Sprague-Dawley rats by a single subcutane-
ous injection of MCT. After fibrosis had fully devel-
oped over a period of 2 weeks, animals were treated
with 0.03 mg/kg per day C21 i.p. for another 2 weeks.
Treatment with the ATsR agonist reversed pulmonary
fibrosis and prevented right ventricular fibrosis. These
beneficial effects were blocked by the ATsR antagonists
PD123319 and by the MAS antagonist A779 (Asp-Arg-
Val-Tyr-Ile-His-D-Ala), the latter likely a result of di-
merization and cross-inhibition (Leonhardt et al.,
2017).

Rathinasabapathy et al. (2018) induced pulmonary
fibrosis in 8-week-old Sprague-Dawley rats by a sin-
gle intratracheal installation of bleomycin. Treatment
with C21 (0.03 mg/kg per day i.p.) was started either
immediately or 3 days after induction of fibrosis and
continued up to day 14. The study revealed that treat-
ment with an AT,R agonist prevented the develop-
ment of fibrosis when applied from day O or halted its
development when applied from day 3.

Remarkably, in both studies, right systolic ventricu-
lar pressure, which is linked to pulmonary BP, was
increased in diseased animals but could be lowered by
AT5R stimulation. This finding is important since PH
is the most common cause of death in patients with
pulmonary fibrosis. Induction of pulmonary fibrosis
by MCT or bleomycin also involved increased pulmo-
nary vascular remodeling as evidenced by increased
vessel muscularization, and in both cases this remod-
eling was ablated by C21 treatment (Bruce et al.,
2015; Rathinasabapathy et al., 2018). These studies
also demonstrated that the antifibrotic actions of ATSR
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activation involve decreased expression of the profi-
brotic cytokine TGF-f and anti-inflammatory actions
through reduced expression of proinflammatory cyto-
kines and chemokines (Bruce et al., 2015).

Waagenar et al. (2013) performed two studies in a
model of neonatal chronic lung disease (CLD), which is
a common complication in prematurely born newborns
due to mechanical ventilation or prolonged oxygen sup-
plementation resulting in pulmonary inflammation, al-
veolar rarefaction, fibrosis, PH, and right ventricular
heart failure. For the animal model of CLD, neonatal
rats were continuously exposed to 100% oxygen over
the first 10 days after birth. Treatment with the AToR
agonist LP2/3 reduced pulmonary inflammatory cell in-
filtration, alveolar septal thickness, and arterial re-
modeling. It further reduced right ventricular (RV)
hypertrophy, which indirectly points to a reduction
of PH; however. there were no direct measurements
of RV pressure performed in this study. Interest-
ingly, the same group subsequently performed a
study with a very similar design and reported that
the AT, antagonist PD123319 not only abolished the
beneficial effects of LP2/3 reviewed above, but when
applied alone, it basically had the same effects as
the AToR agonist, which made the authors assume
that PD123319 has characteristics of a partial AToR
agonist (Wagenaar et al., 2014). A beneficial effect of
PD123319 was also reported in a model of bleomy-
cin-induced lung fibrosis (Waseda et al., 2008).

2. Acute Lung Injury. Acute lung injury (ALI) was
induced in rats via an experimental model that in-
volved pulmonary lavage followed by mechanical ven-
tilation (Menk et al., 2018). These procedures led to
impaired gas exchange, lung edema, and pulmonary
inflammation. Application of C21 during induction of
ALI led to decrease in pulmonary inflammation due a
reduction in TNF-o¢ and IL-6 expression, but there
was no beneficial effect of C21 on either gas exchange
or edema during the study period (Menk et al., 2018).
Thus, the clinical utility of ATsR agonism in ALI is
not apparent at this time.

F. Central and Peripheral Nervous Systems

1. Stroke. There is now overwhelming evidence
from preclinical studies using a variety of rodent mod-
els of middle cerebral artery occlusion (MCAO) that
AT.R activation exerts beneficial effects in ischemic
stroke. This line of research began with speculation
that the beneficial effects of intracerebroventricular
pretreatment with an ARB before experimental ische-
mic stroke in rats were in part mediated by the unop-
posed central AT9Rs (Dai et al., 1999), and this idea
was substantiated by several studies. Iwai et al.
(2004) not only demonstrated that AT;R-KO exposed
to permanent MCAO exhibit larger cerebral infarcts
and increased behavioral deficits when compared
with wild-type mice but also that the neuroprotective
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effects elicited by the ARB valsartan were attenuated by
AT5R deficiency. Next, Li et al. (2005) demonstrated that
neuroprotection elicited by the ARB irbesartan post-
transient focal ischemia in rats was inhibited by the
AT5R antagonist PD123177, and likewise, Faure et al.
(2008) later demonstrated that candesartan-induced
neuroprotection in a thromboembolic MCAO model was
abolished by the AT,R antagonist PD123319. These find-
ings suggested that the neuroprotective effects of ARBs
in ischemic stroke are due to unopposed actions of Ang
II at AT9Rs. It is also pertinent that AToR expression
was upregulated in peri-infarct cortical and hippocampal
regions after ischemic stroke (Makino et al., 1996;
Kagiyama et al., 2003; Li et al., 2005).

Subsequently, investigations have focused on using
AT5R agonists in ischemic stroke and studies per-
formed by seven independent groups of investigators
have revealed significant beneficial effects of these
agents. Essentially, these studies revealed reductions
in cerebral infarct size and improvement in neuro-
logic deficits when applying either CGP42112A or
C21 intracerebroventricular or peripherally in rats
and mice before or after stroke induction via several
different methods (permanent MCAO, temporary
MCAQO, focal cerebral ischemia, endothelin-1-induced
vaso-occlusion) and in normal or hypertensive ani-
mals (McCarthy et al., 2009, 2012; Lee et al., 2012;
Joseph et al., 2014; McCarthy et al., 2014a,b; Min
et al., 2014; Alhusban et al., 2015; Ma and Yin, 2016;
Mateos et al., 2016; Schwengel et al., 2016; Bennion
et al., 2018a; Ahmed et al., 2019). Although the pre-
ceding studies were performed in adult male rats, it
is also apparent that C21 is beneficial against ische-
mic stroke in aged animals (Bennion et al., 2017; Ah-
med et al., 2018a, 2019) and, importantly, in female
animals (Eldahshan et al.,, 2019; Jackson-Cowan
et al., 2021). Only in one study, which used C21 in a
thromboembolic MCAO ischemic stroke model, were
the protective effects considered moderate (Ishrat
et al., 2019). As a whole, these findings indicate that
activating AT.Rs exerts powerful beneficial effects
against ischemic stroke, and these studies have
largely fulfilled the recommendations of the Stroke
Treatment Academic Industry Roundtable (STAIR)
group for preclinical stroke research (Albers et al.,
2011). In contrast to ischemic stroke, investigations of
AToR actions in hemorrhagic stroke [intracranial
hemorrhage (ICH)] are limited to one study, which
demonstrated that long-term administration of C21
via oral gavage to SHR-SP delayed the appearance of
intracranial damage and prolonged survival (Gelosa
et al., 2009).

The underlying protective mechanisms involved in
the beneficial effects of ATyRs in ischemic stroke are
multimodal. These have been reviewed in detail previ-
ously (Bennion et al., 2018b) but essentially encompass
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neuroprotective, vascular, and restorative/regenerative
actions. From a protective standpoint, AToR activation
in ischemic stroke elicits anti-inflammatory, antiche-
motactic, antiapoptotic, and antioxidative/nitrative
stress actions (Joseph et al., 2014; McCarthy et al.,,
2014b; Min et al., 2014; Alhusban et al., 2015; Ma and
Yin, 2016; Schwengel et al., 2016; Fouda et al., 2017,
Shan et al., 2018). The vascular actions of AT9R activa-
tion include improvement of cerebral blood flow and
also restoration of blood-brain barrier (BBB) integrity
(Min et al., 2014), the latter being compromised in is-
chemic stroke (Kassner and Merali, 2015). The restor-
ative/regenerative actions of AT,R activation in
ischemic stroke include increased production of brain-
derived neurotrophic factor (BDNF), vascular endothe-
lial growth factor (VEGF) (Alhusban et al., 2013, 2015;
Mateos et al., 2016; Schwengel et al., 2016), and associ-
ated proneurotrophic, proneurogenesis, and proangio-
genic actions. Given that the pathological mechanisms
of ischemic stroke are multiple (Deb et al., 2010; Xing
et al., 2012) and that the STAIR group recommend
that therapeutics for ischemic stroke should have more
than one mechanism of action (Albers et al., 2011), AT,
R agonists that exert beneficial actions in ischemic
stroke in a multimodal manner might present a viable
therapeutic strategy for human stroke. Despite this
and also that AT,R agonists can be delivered to the
brain and be effective via a clinically relevant nose to
brain route (Bennion et al., 2018a), there has been no
move to test their clinical efficacy in human ischemic
stroke.

2. Brain Injury. 'Traumatic brain injury is a major
health problem with unmet therapeutic need (GBD
2016 Traumatic Brain Injury and Spinal Cord Injury
Collaborators, 2019), and a number of studies have
indicated that novel treatment strategies may be
found within the RAS, as previously reviewed (Janat-
pour and Symes, 2020; Mirzahosseini et al., 2021;
Vadhan and Speth, 2021). Included within these are
investigations that indicated that activation of ATsR
is beneficial in traumatic brain injury. In one study,
intracerebroventricular delivery of CGP42112A into
mice for 3 days after closed head injury produced im-
provements in functional recovery and cognitive per-
formance versus controls, effects that were abolished
by PD123319 (Umschweif et al., 2014a). Associated
with these improvements, CGP42112A elicited activa-
tion of the neuroprotective kinase Akt and also the
neurotrophins BDNF and nerve growth factor, sug-
gesting that the beneficial actions of AT,R activation
involved both neuroprotection and neurogenesis
(Umschweif et al., 2014a). The same group of investi-
gators demonstrated that heat acclimation-induced
neuroprotection in mice that had undergone closed
head injury was partly mediated through AT,R activa-
tion (Umschweif et al., 2014b). A more recent study
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demonstrated that peripheral administration of C21 af-
ter unilateral cortical traumatic brain injury in mice eli-
cited a significant reduction in neurologic deficits, an
effect that was associated with decreased inflammation
and apoptosis within the peri-contusional area of the
brain (Ismael and Ishrat, 2021). Beneficial effects of AT,
R agonism in brain injury are not restricted to traumatic
brain injury, as C21 treatment lessens the neuronal apo-
ptosis and synaptic loss induced by isoflurane anesthesia
of neonatal rats (Yong et al., 2018). Collectively, these
findings suggest that AToR activation can be beneficial
in brain injury situations in adults and developing ani-
mals and that this area bears further investigation.

3. Spinal Cord Injury. The effects of C21 on neuro-
logic performance and neuroregeneration have been
examined after spinal cord compression injury in mice.
Daily intraperitoneal (i.p.) injection of C21 for 4 weeks
not only improved locomotor performance but also in-
creased the number of corticospinal neuron fibers cau-
dal to the lesion when compared with vehicle-treated
mice (Namsolleck et al., 2013). This C21-treatment also
increased the number of viable neurons and elicited
increased expression of tropomyosin receptor kinase
B (TrkB), the high-affinity receptor for BDNF, within
and surrounding the lesion site (Namsolleck et al.,
2013). The conclusion was that AT9R activation exerted
beneficial effects in spinal cord injury via neuroprotec-
tion and neuroregeneration.

4. Dementia. The most common causes of demen-
tia, in which symptoms include cognitive decline and
memory loss, are AD (2020 Alzheimer’s disease facts
and figures, 2020) and vascular dementia (Iadecola,
2013), the latter referred to as ‘vascular cognitive im-
pairment’ in early stages of the disease (Wiesmann
et al., 2013). As with stroke and traumatic brain in-
jury, there is great unmet therapeutic need for AD
and vascular dementia, and the RAS, including AT,
Rs, may present opportunities for novel therapies
based on preclinical studies (Mogi and Horiuchi,
2009; Wright and Harding, 2019; Ahmed and Ishrat,
2020). For example, the memory loss and reduction in
cerebral blood flow induced by the antimuscarinic
agent scopolamine in mice was ameliorated by the
ARB candesartan, partly through ATsR activation
(Tota et al., 2012). Furthermore, beneficial actions of
direct agonist-induced AT,R activation have been
demonstrated in several animal models of vascular
dementia (Mogi et al., 2006; Iwanami et al., 2015; Ah-
med et al., 2018a,b, 2019, 2022; Jackson et al., 2020;
Eldahshan et al., 2021) and in AD (Jing et al., 2012;
Ahmed et al., 2022). C21 has also been shown to act
synergistically with the N-methyl-D-aspartate (NMDA)
receptor inhibitor memantine (used clinically in severe
AD cases) to prevent cognitive decline in type 2 diabetic
mice (Iwanami et al., 2014). Despite these findings,
other studies suggest that AT,R activation may not be
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so beneficial in AD. One study demonstrated that Ang
IT activation of AT,R alters amyloid precursor protein
(APP) metabolism in senescent human microvascular
endothelial cells and in doing so contributes to the de-
velopment of cerebral amyloid angiopathy and thus to
AD pathology (Sun et al., 2018). Furthermore, a recent
extensive study employed the APP J20 mouse model of
AD and indicated that although AT,Rs were partly re-
sponsible for the cognitive, cerebrovascular, and antiox-
idant benefits of treatment with the ARB losartan,
direct AT5R activation with C21 provided few benefits
in this regard (Royea et al., 2020). The authors con-
cluded that targeting AT;R alone was not an ideal in-
tervention in AD (Royea et al., 2020). Considering the
disparity of opinions as to whether AT5R activation is
beneficial in AD, further experimentation is warranted
in this area.

5. Neuromyelitis Optica. Neuromyelitis optica spec-
trum disorder (NMOSD) is an autoimmune, inflamma-
tory, and demyelinating CNS disease, which has in the
past been regarded as a specific subtype of multiple scle-
rosis (MS) but is now defined as a separate entity with
autoantibodies directed against the aquaporin-4 water
channel (AQP4) being the main diagnostic criterion
(Weinshenker and Wingerchuk, 2017). NMOSD primar-
ily presents as inflammation of the optic nerve (optic
neuritis) and spinal cord and leads to characteristic
symptoms such as ocular pain and vision loss as well as
impairment of motor, sensory, and autonomic functions
primarily in the lower parts of the body. AToR stimula-
tion was tested recently in an NMOSD model in which
NMOSD-like pathological changes were induced in
brains of C57BL/6 mice by intracerebral injection of
anti-AQP4 antibodies (AQP4-IgG) derived from a patient
with NMOSD together with complement (Khorooshi
et al., 2020). Mice were treated either with the AT,R-ag-
onist C21 or vehicle by intracerebral coinjection with
AQP4-IgG on day 1 and a second intrathecal injection
on day 2. Analysis of brains on day 4 revealed protection
from NMOSD-related astrocyte damage as shown by
AQP4 and glial fibrillary protein staining. Since the
treatment with C21 induced an increase in IL-10 mRNA
expression and because the treatment effect of C21 was
absent in IL-10 deficient mice, the authors concluded
that IL-10 is a main mediator of the protective effect of
ATsR-stimulation in NMOSD (Khorooshi et al., 2020).
In a follow up study, the same group reported an in-
crease in BDNF mRNA expression coinciding with an
ATyR-mediated amelioration of NMOSD-like pathology.
However, since the therapeutic effect of ATsR-stimulation
with C21 was preserved in mice with astrocyte-specific,
conditional knockout of BDNEF, a causal involvement of
BDNF in the protective effect of C21 could not be proven.
It is possible, however, that neuronal BDNF, which was
not affected by the knockout, was responsible for the pro-
tective effect (Khorooshi et al., 2021).
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6. Cerebral Malaria. Cerebral malaria is charac-
terized by increased leakiness of the BBB and cere-
bral microhemorrhages after adhesion of Plasmodium
falciparum-infected red blood cells (Pf-iRBCs) to cere-
bral endothelial cells (Storm and Craig, 2014). In a
study using human brain microvascular endothelial
cells, it was demonstrated that Pf-iRBC induces acti-
vation of ff-catenin that in turn disrupts interendothe-
lial cell junctions, providing a potential mechanism
for the leaky BBB in cerebral malaria (Gallego-Del-
gado et al., 2016). In the same study, they demon-
strated that the ATsR agonist CGP42112A inhibited
the PfiIRBC-induced activation of f-catenin and dis-
ruption of interendothelial cell junctions and was pro-
tective in a mouse model of cerebral malaria, reducing
the number of hemorrhages and increasing survival
(Gallego-Delgado et al., 2016). Conversely, AToR-KO
were more susceptible to cerebral malaria, with an ear-
lier disease onset and 100% incidence compared with
controls (Gallego-Delgado et al., 2016). In summary,
AT,R activators may be useful therapeutically in cere-
bral malaria.

7. Diseases Related to Dopamine Dysfunction. De-
generation of the nigrostriatal dopamine neurons that
arise in the substantia nigra (SN) of the ventral mes-
encephalon and project to the caudate nucleus-puta-
men (CP) within the striatum is responsible for the
motor deficits that are characteristic of Parkinson’s
Disease (PD) in humans (Beitz, 2014; Balestrino and
Schapira, 2020). As discussed in Section III.E.6, ATy
Rs have been located within rodent and human SN
and CP (Barnes et al., 1991; Lenkei et al., 1996), and
on nigrostriatal dopamine neurons (Grammatopoulos
et al., 2007). Considering the well established benefi-
cial roles of ATyRs in neurodegenerative diseases
such as stroke and traumatic brain injury, it is possi-
ble that AToRs may serve similar roles in PD. How-
ever, data on whether AToRs play a beneficial role in
PD are conflicting. AT9R activation has been shown to
protect ventral mesencephalic (including SN) dopa-
mine neurons from death induced by ROS activation
(Grammatopoulos et al., 2005) and to induce the dif-
ferentiation of mesencephalic precursor cells into do-
pamine neurons, potentially providing a source of
these neurons for transplantation in PD (Rodriguez-
Pallares et al., 2004). To the contrary, it was demon-
strated that direct infusion of C21 into the striatum
decreased dopamine synthesis (Mertens et al., 2010),
the opposite of what would be needed in PD. In sum-
mary, as yet there are no definitive studies which
have determined the efficacy of AT9R agonists to exert
beneficial actions in animal models of PD.

On a different tack, it is known that striatal dopa-
mine signaling is important for producing strong feed-
ing responses (Mogenson et al., 1988), and there is
much evidence for a role of dopamine in perpetuating
the compulsive feeding pattern of binge eating disorder
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(Bello and Hajnal, 2010). Following on from the previ-
ous observation that C21 infusion in the striatum de-
creased dopamine synthesis (Mertens et al., 2010), it
was demonstrated that intrastriatal C21 infusion in
type 2 diabetic (KK-Ay) mice that had been fasted for 2
days not only reduced striatal dopamine levels but at-
tenuated the rebound increase in food intake after fast-
ing (Nakaoka et al., 2015). The conclusion was that AT,
R activation may be a way of preventing binge eating
disorder via lowering brain dopamine levels.

8. Neurogenic Hypertension. Based on results of
studies using AT>R agonists and antagonists (Brouwers
et al., 2015; Dai et al., 2015, 2016) and on AT,R gene
transfer (Blanch et al., 2014), it is apparent that activa-
tion of AT9Rs within CNS cardiovascular control centers
exerts BP lowering and sympatho-inhibitory effects in
several animal models of neurogenic hypertension (Fig.
10). In general, these effects are more powerful than
those observed in normotensive animals (see Section
V.B), and AT,R activation or overexpression was also
shown to improve the impaired baroreflex function that
occurs in hypertension of neurogenic origin (Blanch
et al., 2014; Ruchaya et al., 2016; Speretta et al., 2019).
Interestingly, although AT5R overexpression in the NT'S
of SHRs or rats made hypertensive by high fat diet re-
sulted in improved baroreflex function, there was no as-
sociated lowering of BP (Ruchaya et al., 2016; Speretta
et al., 2019). Nonetheless, it can be argued that brain
AT5Rs represent an endogenous depressor mechanism
that, given the right conditions and ability to target se-
lect neuronal populations, might be taken advantage of
to lower BP in hypertension. Indeed, a recent study has
localized at least one set of neurons that are important
in these antihypertensive effects by demonstrating that
ATyR-mediated inhibition of GABAergic “pressor” neu-
rons in the NTS is critical to the ATsR-mediated lower-
ing of BP during deoxycorticosterone acetate (DOCA)-
salt-induced hypertension (Mohammed et al., 2021).

9. Multiple Sclerosis/Experimental Autoimmune En-
cephalomyelitis. MS is a chronic inflammatory auto-
immune disease of the CNS involving various immune
cells such as autoreactive T cells, B cells, microglia, and
macrophages, which cause demyelination, axonal de-
generation, and subsequently functional impairment of
neurons leading to disability in the patient (Dendrou
et al., 2015).

The RAS via AT;R promotes CNS inflammation in a
variety of pathological situations including hyperten-
sion, stroke, brain injury, and also MS (Platten et al.,
2009; Stegbauer et al., 2009; Lanz et al., 2010; Elsaa-
fien et al., 2020). Expression of receptors of the protec-
tive RAS is increased in MS lesions but with delay
compared with the increase in AT{Rs, which may hint
to a compensatory mechanism beginning to operate
(Stone et al., 2020). AToR stimulation has indeed been
shown to milden neurologic deficits and the inflammatory
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response in experimental autoimmune encephalomyelitis
(EAE), an animal model of MS (Valero-Esquitino et al.,
2015). A 4-week treatment with C21, which was started 3
days before immunization with a fragment of myelin oli-
godendrocyte glycoprotein, significantly reduced the area
of spinal cord demyelination and inflammatory infiltrates,
mainly the total and CD4" T cell fractions. Inhibition of
demyelination by AToR stimulation was confirmed in ag-
gregating brain cell cultures, as was inhibition of micro-
glia activity that was also observed in vivo (Valero-
Esquitino et al., 2015).

10. Peripheral Neuronal Injury. As discussed in
Section III.LE.6, ATsR mRNA levels were increased in
the DRG and sciatic nerve after transection of the lat-
ter, leading the authors to suggest that AT,;R-medi-
ated actions are involved in Schwann cell-mediated
myelination and in neuroregenerative responses of
DRGs (Gallinat et al., 1998).

A beneficial role of the AT,R after injury of periph-
eral nerves was demonstrated in two studies from the
same group of investigators. In a first study they
demonstrated that Ang II, acting via AT9Rs, promoted
axonal elongation in postnatal retinal explants and
dorsal root ganglia in vitro and axonal regeneration
of retinal ganglion cells after optic nerve crush in vivo
(Lucius et al., 1998). In a second study they demon-
strated that activation of ATRs elicited functional re-
covery from severe neuronal injury in vivo (Reinecke
et al., 2003). Specifically, in a rat model of sciatic
nerve crush, axonal regeneration and myelination
were enhanced and the recovery of sensorimotor func-
tion accelerated, demonstrating for the first time a
functional neuronal regenerative effect of AToR stim-
ulation in vivo (Reinecke et al., 2003). This effect
most probably involved nuclear translocation of NF-
kB leading to enhanced remyelination (Reinecke
et al., 2003).

11. Pain. The role and activity of AT,Rs in pain is
controversial, with some studies concluding that AT,
Rs induce pain whereas others conclude the opposite,
as reviewed in detail recently (Pulakat and Sumners,
2020). The idea that the AT5R can influence pain be-
gan two decades ago with a study which demon-
strated that stimulation of brain ATsRs can alleviate
pain in a mouse model of acetic acid—induced abdomi-
nal constriction (Georgieva and Georgiev, 1999).
Around the same time, another study demonstrated
that not only did AT.R-deficient mice exhibit in-
creased sensitivity to pain induced by tail flick or
pinch but that they expressed lower levels of -endor-
phin in the arcuate nucleus of the brain compared
with wild-type mice (Sakagawa et al., 2000). More recent
studies have indicated that AT5R stimulation reduces
neuropathic pain. In one case, beneficial effects exerted
by the ARB candesartan in resiniferatoxin-induced
neuropathic pain were due to generation of Ang II
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and stimulation of the ATy.R (Bessaguet et al.,
2017), and in another study from the same group,
C21 was protective against vincristine-induced neu-
ropathic pain (Bessaguet et al., 2018). In an entirely
different scenario, the mycobacterial polyketide my-
colactone activated neuronal AT,Rs, leading to po-
tassium-dependent hyperpolarization that induced
analgesic effects (Marion et al., 2014; Song et al.,
2017). This is, apparently, the underlying mecha-
nism of how the severe Buruli ulcers induced by
Mycobacterium ulcerans in humans are painless, a
mechanism with translational potential (Babonneau
et al., 2019; Reynaert et al., 2019).

In stark contrast to the above studies, a number of
investigations have concluded that AT>R antagonism
relieves pain, particularly in animal models of neuro-
pathic pain. The earliest example of this view came
from a study that used a series of derivatives
(EMA300, EMA400, and EMA401) of the AT,R antag-
onist PD123319 (EMA200). As shown by radioligand
binding assays, these molecules are highly selective
for the AToR over the AT.R, with affinities in the
mid-nM range for AT.R (Smith et al., 2013b).
EMA200, EMA300, and EMA400 elicited analgesia
against mechanical hypersensitivity induced by uni-
lateral chronic constriction injury (CCI) of the sciatic
nerve, a rodent model of neuropathic pain (Smith
et al., 2013b). The caveat is that neither in this nor in
subsequent studies were the EMA compounds demon-
strated to be AT;R antagonists based on functional
assays—an important point as PD123319 (EMA200)
has partial agonist activity at ATsR in several other
situations (see Section IV.C). Although EMAS300-in-
duced analgesia was abolished in AT3R-KO subjected
to CCI, this only indicates an AT,R-dependent mecha-
nism of action but is not proof for an antagonistic ef-
fect of EMA300 (Smith et al.,, 2013a). An analgesic
effect of the EMA compounds was further shown in
models of prostate cancer—induced bone pain (Mura-
lidharan et al., 2014), of hind paw inflammatory pain
(Chakrabarty et al., 2013), and of unevoked or Ang II-
induced mechanical or cold-induced hypersensitivity
in a spared nerve injury model of neuropathic pain
(Shepherd et al., 2018a,b; Shepherd and Mohapatra,
2019).

Mechanisms described to mediate the analgesic ef-
fect of AToR antagonism included: 1) blockade of p38
MAPK and p44/p42 MAPK activation either directly
(Smith et al., 2013a) or through a reduction of ele-
vated Ang II levels in the lumbar DRGs to attenuate
augmented Ang II/AT5R signaling (Muralidharan et al.,
2014); 2) attenuation of the capsaicin response (Anand
et al., 2013); or 3) inhibition of CD3+ T cell infiltration
and increased nerve growth factor expression (Khan
et al., 2017). The latest reported mechanism underlying
the “pain-inducing” action of AT:R was not a direct
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effect on sensory neurons, as the authors failed to ob-
serve AT5R on these cells (Shepherd et al., 2018a,b).
Rather, their data indicate that AT5R located on mac-
rophages are responsible for the production of ROS/re-
active nitrogen species which transactivate transient
receptor potential subfamily A (TRPA1l) channels on
mouse and human DRG sensory neurons to elicit pain
(Shepherd et al., 2018a,b).

The above-discussed preclinical studies using the
EMA series of AToR antagonists precipitated a drug
development program for EMA401 (the S-enantiomer
of EMA400 chosen as lead for its high AT,R selectivity
and good oral bioavailability), with neuropathic pain
as main indication. However, as reviewed in detail in
Section VII, after an initial, successful phase II trial, a
second series of trials was terminated prematurely due
to preclinical toxicity of the compound (ClinicalTrials.-
gov Identifier: NCT03297294, NCT03094195) and
without significant results regarding treatment effect
(Rice et al., 2021).

Clearly, there is a huge discrepancy between the
preclinical findings that indicate that AT,Rs cause
pain versus those that support a pain-reducing effect.
This is an important issue with relevance regarding
the rationale for developing further ATsR antagonists
for the treatment of pain and also regarding pain as
potential adverse effect of ATsR agonists, which may
hamper their further development for idiopathic pul-
monary fibrosis and COVID-19 (Section VII). How-
ever, so far in none of the clinical trials with an AToR
agonist has pain been reported as an adverse effect.
Several factors may be considered in attempting to re-
solve the discrepancy. First and foremost, none of the
EMA compounds, particularly EMA401, have been
tested in a functional ATsR assay to assess whether
they are pure antagonists or also possess agonistic ac-
tivity. Given that C21, an established AT9R agonist, is
protective in neuropathic pain (Bessaguet et al.,
2018), this is a critical point. A second factor that
should be considered is that certain of the studies
that concluded that AT,R antagonists are beneficial
in neuropathic pain used inflammatory or acute pain
models that do not mimic chronic neuropathic pain
(Pulakat and Sumners, 2020). Addressing these
points would help to uncover whether AT5R induces
or alleviates pain or can exert both actions.

G. Metabolism

Metabolism is a net body function that produces en-
ergy and is coordinated by various organs such as the
pancreas, liver, muscles, and adipose tissue. Insulin,
an endocrine hormone, plays a central role in regulat-
ing metabolic activities, and an insufficiency or re-
duced insulin function leads to metabolic disorders
such as diabetes, obesity, and fatty liver. Numerous stud-
ies have implicated involvement of ATeRs in various
metabolic functions as summarized below (Fig. 12).
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1. Glucose Metabolism.

a. Islet differentiation, function, and protection.  The ex-
pression of ATeRs has been reported in various cell
types of the pancreas, including insulin producing
p-islets (for details see Section III.E.7). There are
studies showing that ATsRs are involved in the differ-
entiation of pancreatic progenitor cells (PCCs) into in-
sulin-producing cells, thereby promoting insulin
release and glycemic control (also under diabetic con-
dition) (Leung et al., 2012, 2014). Specifically, Ang II
via AT,R activation induced differentiation of human
fetal PCCs into islet-like cell clusters (ICCs), which
are insulin producing f-cells, involving upregulation
of the transcription factors neurogenin-3 (Ngn3) and
pancreatic and duodenal homeobox 1 (Pdx1) (Leung
et al., 2012). The in vivo relevance of these findings
was demonstrated by transplantation of differentiated
ICCs into mice with STZ-induced diabetes, which re-
sulted in amelioration of hyperglycemia, whereas
transplantation of AT;R-depleted ICCs had no effect
(Leung et al., 2012). These findings were confirmed
by a follow up study in which treatment of pregnant
mice with PD123319 led to a reduced number of
f-cells in neonates and an impairment of their insulin
secretory function (Leung et al., 2014). Prenatal expo-
sure to dexamethasone is known as well to impair
p-cell function in offspring, which interestingly could
be restored by AT;R overexpression in an in vitro
model (Kou et al., 2020). In line with this, STZ-dia-
betic, C21-treated rat neonates had lower blood glu-
cose, better insulin secretory function, and higher
islet-cell mass than nontreated controls (Wang L
et al., 2017), which could be due to AT9R-mediated
improved f-cell function or protection of islets from
STZ toxicity as shown in adult rats (Shao et al.,
2014). Collectively, these studies support a role for
the AT5R in islet cell differentiation, protection, and
function.

b. Insulin sensitivity. In a broad understanding,
insulin sensitivity is a measure of insulin function
and signaling, which is negatively impacted by vari-
ous factors such as obesity, increased adipocyte size,
dyslipidemia and inflammation (Freeman and Pen-
nings, 2021). Any improvement in these causative fac-
tors may improve insulin sensitivity or reduce insulin
resistance, which is a hallmark of type 2 diabetes.
AT.R activation has been associated with improved
insulin sensitivity in KK-Ay type 2 diabetic mice (Oh-
shima et al., 2012), in rats fed a high-fat/high-fructose
diet (Shum et al., 2013), in healthy and STZ-diabetic
rats (Shao et al., 2013, 2014; Begorre et al., 2017), in
neonatal STZ-diabetic rats (Wang L et al., 2017), in
mice with high-fat diet (HFD)-induced obesity/adipos-
ity (Nag et al., 2015, 2019), in healthy, normal
C57BL/6 mice (Quiroga et al., 2018), and in female
diabetic db/db mice (Dominici et al., 2020). The be-
forementioned studies, which were based on AT9R
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Fig. 12. Metabolic effects of AT9R activation. AT;R-stimulation promotes and improves various metabolic processes, including adipocyte differentia-
tion and f-cell development that lead to better glycemic control in diabetic and obesity conditions. aP2, adapter protein 2; C/EBPo, CCAAT-enhancer—
binding protein o; Ngn3, neurogenin-3; Pdx1, pancreatic and duodenal homeobox 1.

stimulation, are supported by a study in which
chronic blockade of the AT,R with PD123319 led to a
worsening of determinants of insulin sensitivity (Mu-
noz et al., 2017). Mechanisms that were identified to
mediate the ATsR-induced improvement in insulin sen-
sitivity included increased PPARy expression (Ohshima
et al., 2012; Shum et al., 2013) as well as a reduction
in obesity/adiposity, dyslipidemia, and adipose tissue
inflammation, which may have indirectly influenced
insulin sensitivity. However, there is also evidence for
a direct, positive interaction of the AToR with insulin
signaling through phosphorylation of the insulin recep-
tor, Akt, and forkhead box O1 (FOXO1), as shown in
the liver of C21-treated female db/db mice (Dominici
et al., 2020). This is supported by reduced insulin-in-
duced phosphorylation of the insulin receptor or of Akt
in adipose tissue or skeletal muscle of PD123319-
treated or AT;R-deficient mice (Chai et al., 2011; Mu-
noz et al., 2017; Quiroga et al., 2019).

Although the above-reviewed studies uniformly indi-
cated a beneficial role of AT5Rs in insulin signaling and
sensitivity, studies in AT3R-KO provided inconclusive
results but pointed to sex differences. Two groups re-
ported a deterioration of glucose metabolism in female
but not male AToR-KO. In one of these studies, AToR
deficiency in female mice led to increased body weight
gain and impaired glucose tolerance coinciding with re-
duced estrogen levels (Samuel et al., 2013). In the other
study, female AToR-KO presented with decreased insu-
lin sensitivity potentially caused by reduced insulin re-
sistance and Akt phosphorylation in adipose tissue

(Quiroga et al., 2019). However, in both studies, knock-
down of the AT9R in male mice either had no effect or
improved glucose metabolism and weight gain, thus
supporting a neutral or detrimental effect of the ATSR
in physiological glucose homeostasis (Samuel et al.,
2013; Quiroga et al., 2019). An unfavorable role of the
AT9R on insulin sensitivity was also observed in male
AT5R-KO on a high-fat diet (Yvan-Charvet et al., 2005).

Overall, targeting the AToR with pharmacological
tools clearly supports a favorable role in glucose me-
tabolism and insulin function, particularly in adipose
tissue. However, data from AT9R-KO are controver-
sial and support a beneficial role only in female ani-
mals. It may be interesting to explore the molecular
basis for the different metabolic outcome in pharma-
cological versus knockout studies, which is apparent
in other models such as cardiac hypertrophy as well
(Steckelings et al., 2010).

c¢. Muscle perfusion and glucose uptake.  Micro-
vascular perfusion of muscles is one of the determinants
of insulin delivery and function (Clark, 2008). Through
their vasodilatory effect (see Section V.C), AT9Rs likely
increase blood volume delivered to muscles. Indeed,
C21 infusion caused an increase in microvascular blood
flow in muscle associated with an increased insulin de-
livery to skeletal and cardiac muscle (Yan et al., 2018).
In line with this finding, acute systemic blockade of AT,
Rs with PD123319 caused an inhibition of muscular
glucose uptake in rats infused with Ang II or in over-
night-fasted rats infused with insulin (Chai et al., 2010,
2011). However, in healthy AToR-KO, muscular glucose
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uptake was unchanged compared with wild-type mice
(Shiuchi et al., 2004).

2. Fat Metabolism.

a. Obesity and adipocyte differentiation.  Obesity,
a main risk factor for cardiovascular disease and dia-
betes, is characterized by excess white adipose tissue
(WAT). Mechanisms that drive an enhancement of
WAT mass are an increase in adipocyte size as well as
adipogenesis, which is the differentiation of preadipo-
cytes to mature, white adipocytes capable of fat stor-
age (Ghaben and Scherer, 2019). Obesity is associated
with adipose tissue inflammation and abnormal secre-
tion of adipokines. Several studies have been per-
formed in obesity models to investigate the role of the
AT3R on body weight gain and on the various patho-
logical features of obesity described above.

Studies reporting ATy;R-mediated effects on body
weight are controversial. Although AT.R stimulation
in models of type 2 diabetic KK-Ay mice (Ohshima
et al., 2012), obese Zucker rats on a high-salt diet (Ali
et al., 2015), and mice on a HFD reported an attenua-
tion of body weight gain, several other studies using
pharmacological AT2R stimulation in models of obese
Zucker rats (Dhande et al., 2013; Patel et al., 2016),
mice fed a HFD (Gonzalez-Blazquez et al., 2021b), or
diabetic db/db mice (Dominici et al., 2020) saw no ef-
fect. Negative results may have been due to an insuf-
ficiently long treatment period since in female mice
fed a HFD, an attenuation of weight gain by C21 was
apparent after 12 weeks but not after 2 weeks (Nag
et al., 2015). Interestingly, despite no difference in to-
tal body weight, parametrial WAT weight was already
significantly reduced in C21-treated animals in this
study after 2 weeks. A comparable result of no differ-
ence in body weight but significant reduction in epi-
didymal WAT was obtained in male mice on a 2-week
HFD (Nag et al., 2019).

Both studies, which reported a decrease in WAT
weight, also found an AT;R-mediated reduction in ad-
ipocyte size; an improvement of markers of lipid me-
tabolism; a reduction in plasma insulin, fatty acids,
and inflammatory mediators; and improved glucose
tolerance (Nag et al., 2015, 2019). Favorable effects
on adipose tissue homeostasis in response to AT2R
stimulation, for example attenuated obesity-related
inflammation (Sabuhi et al., 2011; Ohshima et al.,
2012; Begorre et al., 2017) or improved adipokine gen-
eration (e.g., increased adiponectin levels) (Ohshima
et al., 2012; Than et al., 2017; Quiroga et al., 2018;
Dominici et al., 2020) were reported by several other
studies regardless of any effect on body weight.

Adipocyte differentiation and smaller size are im-
portant for normal lipid storage and for protection
against obesity and insulin resistance (McLaughlin
et al., 2007). In addition to the studies mentioned
above, reduced adipocyte size in response to C21 was
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also reported in type 2 diabetic KK-Ay mice (Ohshima
et al., 2012), C57BL/6 mice (Quiroga et al., 2018), and
rats on high-fat/high-fructose diet (Shum et al., 2013).
Reduced adipocyte size was associated with increased
PPARy expression and DNA binding activity and with
elevated adipocyte differentiating markers such as
CCAAT-enhancer-binding protein o (C/EBP«) and ad-
ipocyte protein 2 (aP2) (Ohshima et al., 2012; Shum
et al., 2013).

Direct evidence for a role of the AT9R in promoting
adipocyte differentiation was provided by in vitro ex-
periments in preadipocytes in which C21 increased
expression of PPARy and aP2 and preserved a smaller
cell and droplet size (Shum et al., 2013). These effects
were reversed by short hairpin RNA (shRNA) knock-
down of the AT.R. Studies in human adipose mesen-
chymal cells also suggested that AT.R activation
promotes adipogenic differentiation of mesenchymal
cells (Sysoeva et al., 2017).

Contrary to these pharmacological studies, in AT,
R-KO studies the AT9R inhibited adipocyte differenti-
ation (Matsushita et al., 2016; Sysoeva et al., 2017).

b. White and brown adipose tissue. ~ WAT is re-
sponsible for energy storage in the form of triglycer-
ides, whereas brown adipose tissue (BAT) is a source
of thermogenesis, energy dissipation, and metabolism.
Brown-like adipocytes (beige adipocytes) can also be
found in WAT and are identifiable by expression of
thermogenic genes such as uncoupling protein-1
(UCP-1). There is evidence that the ATsR shifts the
WAT/BAT ratio in favor of BAT. For example, in
mouse and human primary white adipocytes, ATsR
activation increased expression of UCP-1 and of Cbp/
P300-interacting transactivator 1 (CITED1), a specific
beige adipocyte marker, together with morphologic
browning of cells (Than et al., 2017). An ATsR-medi-
ated increase in UCP-1 was further reported for
C57BL/6 mice in vivo (Quiroga et al., 2018), as was a
prevention of an HFD-related decrease in UCP-1 ex-
pression in BAT in another study in mice (Nag et al.,
2019). The adipocyte browning effect involved in-
creased PPARy expression and ERK1/2 MAPK, Akt,
and AMP-activated protein kinase (AMPK) signaling
(Than et al., 2017; Quiroga et al., 2018). A shift to-
ward a BAT-enriched adipose tissue composition al-
lowing higher energy dissipation was supported by an
increase in body temperature in C21-treated mice
(Than et al., 2017; Nag et al., 2019).

c. Lipotoxicity and polycystic ovary syn-
drome.  Nonesterified fatty acids (NEFA), if not
stored in adipose tissue, produce lipotoxicity and are
believed to be a cause of hyperandrogenemia and in-
sulin resistance, which are involved in the pathogene-
sis of polycystic ovary syndrome, a condition affecting
6%—8% of women of childbearing age (Connolly et al.,
2018). In a study in female JCR:LA-cp/cp rats, an
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obese model of polycystic ovary syndrome exhibiting
hyperandrogenism, insulin resistance, and polycystic
ovaries, C21 treatment of 7 days significantly lowered
elevated testosterone levels and ovarian NEFA up-
take and C21 treatment also improved blood insulin
and NEFA levels but these latter effects were not sta-
tistically significant, perhaps due to the short dura-
tion of treatment (Leblanc et al., 2014). This
assumption is supported by a significant reduction in
NEFA levels in mice fed an HFD after 6 weeks of
treatment with C21 (Gonzalez-Blazquez et al., 2021b).
In line with the C21-induced reduction of NEFA-up-
take, a greater NEFA-uptake by nonadipose tissues
was reported in AToR-KO compared with wild-type
mice (Noll et al., 2015).

d. AToR agonist effect on plasma lipoprotein levels
in humans. Since no AT,R-targeting drugs have
been approved for clinical use as yet, data about met-
abolic effects of AT9Rs in humans are scarce. An ex-
ception are data from an extension of the phase I,
randomized, double-blind, placebo-controlled clinical
trial with C21, in which young overweight (BMI
30-35 kg/m2; waist/hip >0.90) but otherwise healthy
male volunteers were treated for 1 week with C21
(100mg once daily) or placebo. Metabolic markers
were measured by quantitative serum nuclear mag-
netic resonance metabolomics. It was found that in
the C21-treated group, LDL levels were consistently
reduced and that high-density lipoprotein (HDL) lev-
els increased between day 1 (before start of treat-
ment) and day 8 (after last dose) of the trial
(Steckelings et al., 2018). These changes did not occur
in the placebo-treated subjects.

H. Cancer

Due to its antiproliferative, differentiation-promot-
ing, and proapoptotic effects, early investigations hy-
pothesized that AT.Rs may play a role in the
pathogenesis of cancer and represent a potential ther-
apeutic target. This assumption is now supported by
observations which demonstrate that AT,R activation
modulates a number of anticarcinogenic signaling
pathways. These include stimulation of the intrinsic
and extrinsic proapoptotic signaling pathways, activa-
tion of PP2A (Eichhorn et al., 2009; Perrotti and Ne-
viani, 2013) and protein tyrosine phosphatase 1B
(PTP1B) (Martinez-Meza et al., 2019), interference
with mitotic spindle formation, and inhibition of his-
tone deacetylase 1 (HDAC1) with subsequent activa-
tion of p53 (Peluso et al., 2022).

Moreover, ATIP, whose association with the AT,R
leads to inhibition of proliferation (see Section
II1.C.1.b) (Nouet et al., 2004; Wruck et al., 2005), was
simultaneously and independently identified as a tu-
mor suppressor, pointing again to an anticancer effect
of AT2Rs (Seibold et al., 2003). ATIP is coded for by the
microtubule-associated tumor suppressor gene Mtusl
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(Haykal et al.,, 2021), and as reviewed elsewhere
(Rodrigues-Ferreira and Nahmias, 2010; Bozgeyik
et al., 2017), numerous studies have demonstrated that
reduced levels of Mtusl are associated with the devel-
opment, progression, metastasis, or a poorer prognosis
of a variety of cancers in humans, animal xenograft
models, and in vitro. Included among the Mtusl-depen-
dent cancers are bladder, breast, colorectal, gallbladder,
head-and-neck, gastric, ovarian, lung, oral, and renal
cancers as well as uveal melanoma (Haykal et al.,
2021).

A number of splice variants of ATIP have been
identified (ATIP1, ATIP3, ATIP4), of which ATIP3 is
best characterized for its tumor suppressor proper-
ties. Whether ATIP3 binds to the AT:R is currently
not known, although it possesses the C-terminal
amino-acid sequence necessary for AT5R binding
(Nouet et al., 2004). ATIP1/AT,R binding is well es-
tablished but seems to induce different signaling
mechanisms, though still antiproliferative, from
ATTP3/Mtusl (Haykal et al., 2021). ATIP3 is probably
most thoroughly studied in breast cancer, in which its
expression levels were frequently reported to be de-
creased, a change associated with a higher aggres-
siveness of the tumor (Rodrigues-Ferreira et al., 2009,
2020). In preclinical studies, it was shown that silenc-
ing of ATIP3 promoted tumor cell proliferation,
whereas delivery of Mtusl-transfected breast cancer
cells into xenograft models led to inhibition of tumor
growth (Rodrigues-Ferreira et al., 2009) and to a re-
duction of metastatic colonization (Molina et al.,
2013). Both of the aforementioned studies identified
an interaction between ATIP3 and microtubules lead-
ing to prolongation of metaphase as antiproliferative
mechanism. The interference of ATIP3 with microtu-
bule depolymerization and spindle dynamics seems to
involve an interaction with the kinesin family mem-
ber 2A (KIF2A) and its regulator, Dda3 (Nehlig et al.,
2021).

In renal cell carcinoma, ATIP3-dependent microtu-
bule stabilization involved phosphorylation of kinesin
family member 2C (KIF2C), which is another micro-
tubule depolymerizing kinesin (Lv et al., 2020). In sal-
ivary adenoid cystic carcinoma, downregulation of
Mtus-1/ATIP3 was associated with enhanced migra-
tion and invasion of cancer cells and a poor outcome
(Zhao T et al., 2015), and in squamous carcinoma of
the tongue, MTUS/ATIP3 suppresses the proliferation
and migration of invading cancer cells (Zhao et al.,
2016). In addition to activation of ATIP, some other
anticancer mechanisms have also been reported to be
activated by AToRs, all of them eventually resulting
in inhibition of proliferation or induction of cell apo-
ptosis. For example, a study in various human blad-
der cancer cell lines reported antiproliferation (shown
by WST-1 assay) and apoptosis (shown by changes in
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cell morphology and TUNEL staining) in response to
transfection with an ATsR-expressing adenovirus (Ad-
GAT2R-eGFP) when compared with transfection with
a non-ATsR-expressing virus (Pei et al., 2017). To
look more closely into proapoptotic mechanisms, the
authors performed an Apoptosis Profile PCR Array
and found the expression level of 11 of the 84 genes
covered by the array to be changed in response to
AT5R stimulation. Analysis of the array and addi-
tional western blot experiments identified a proapop-
totic signaling pathway involving activation of p38
MAPK, caspase-8, and caspase-3 and downregulation
of ERK1/2 MAPK. Applying the apoptosis array to hu-
man prostate cancer cells, the same authors identified
Gadd4b5a (growth arrest and DNA damage—inducible
45 alpha gene; mediator of cell cycle inhibition),
TRAIL-R2 (receptor for the apoptosis-inducing ligand
TRAIL), and HRK (proapoptotic BH3-only Bcl-2 fam-
ily member, harakiri) to be crucially involved in
ATsR-mediated apoptosis (Pei et al., 2014). In con-
trast to activation of proapoptotic ATsR signaling in
bladder cancer cells, the proapoptotic pathway identi-
fied in prostate cancer cells was independent from of
p38 MAPK, p44/42 MAPK, and p53.

A proapoptotic effect involving caspase 3 activation
was also reported for human lung adenocarcinoma
cell line A549 and bronchioloalveolar carcinoma line
H358 after transfection with AT9Rs using adenoviral,
FuGENE, and nanoparticle vectors (Pickel et al.,
2010). Lewis lung carcinoma is another type of pulmo-
nary malignancy, which reacted to AToR overexpres-
sion with a reduction in growth and an increase in
cell apoptosis. This was shown in studies that tested
novel techniques of nonviral transfection such as in-
tratracheal or intravenous application of synthetic
cell-penetrating peptide (CPP) (polylysine, K9 pep-
tide)/AToR plasmid DNA complexes or nanoparticle
vectors (Kawabata et al., 2012; Alhakamy et al.,
2016).

Involvement of p53 in the apoptotic effect of the
AT5R is controversial. Data for and against its in-
volvement exist even for the same type of cancer
(i.e., prostate cancer) (Li et al., 2009; Pei et al.,
2014). A role for p53 in ATsR-mediated apoptosis
was also described for normal endothelial cells. In
this study, p53 was activated by AT;R-mediated in-
hibition of HDAC1 (another anticancer mechanism)
and subsequent prevention of deacetylation of p53
(Peluso et al., 2022).

Although the above-reviewed studies in prostate
and bladder cancer were performed using adenoviral
overexpression of the AToR, a more recent study ap-
plied the AT,R agonist C21 for treatment of human
LNCaP prostate cancer cells and TRAP (transgenic
rats for adenocarcinoma in prostate) rats (Ito et al.,
2018). The authors confirmed the antiproliferative
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and proapoptotic effect of AToR stimulation involving
caspase 3/7 activation in vitro and in vivo. In addi-
tion, they identified a novel anticancer mechanism of
AT,R stimulation in prostate cancer (i.e., a decrease
in androgen receptor expression) (Ito et al., 2018).
The group of Culman published two articles on the ef-
fect of AT5R stimulation in serum-deprived, quiescent
human, uterine leiomyosarcoma SK-UT-1 cells and
suggested a mitochondrial, proapoptotic mechanism
in these cells, which presented with a high density of
AToRs in mitochondria (Zhao et al., 2016; Litzen
et al., 2017).

Treatment of leiomyosarcoma cells with the AT,R
agonist C21-induced rapid cell death within 24 hours
and activated the intrinsic, mitochondria-dependent
apoptotic pathway (Zhao Y et al., 2015). In contrast,
leiomyosarcoma cells cultured under addition of 10%
FBS expressed negligible amounts of AT;Rs and did
not undergo apoptosis. In the second study, AT;Rs on
SK-UT-1 cells were stimulated with Ang II under con-
comitant AT1R blockade, which at early time points
(=6 hours) inhibited proliferation and promoted dif-
ferentiation as shown by an increase in the smooth
muscle cell differentiation markers and tumor sup-
pressors calponin and SM22«, whereas sustained AT,
R stimulation (=36 hours) activated the intrinsic apo-
ptotic pathway by a PPARy-dependent mechanism
(Liitzen et al., 2017).

Inhibition of angiogenesis is another anticancer
mechanism that has been ascribed to the AT9R with
an inhibition of VEGF expression as underlying
mechanism as described (e.g., in bladder cancer)
(Pei et al., 2017). In addition to AToR overexpres-
sion or application of an AT9R agonist, another ap-
proach used in ATsR-related cancer studies are AT,
R-deficient mice. For example, Doi et al. (2010) re-
ported that xenografts from mouse pancreatic duc-
tal carcinoma cells grew faster in AT3R-KO than in
wild-type mice. The authors confirmed this indirect
evidence for an anticancer effect of AToR stimula-
tion in a model of pancreatic ductal carcinoma in a
follow-up study using the AT,R agonist [Y]®-Ang II
and AT.R adenovirus transfection (Ishiguro et al.,
2015).

In general, it is interesting that AT,R stimulation
seems to act in a proapoptotic manner mainly in tu-
mor cells and much less so in the respective benign
cells (Ishiguro et al., 2015; Zhao Y et al., 2015).

1. Eye

1. Retinal Inflammation.  Retinal inflammatory
disease is a dysfunction of the retina that is associ-
ated with increased production of proinflammatory
cytokines and may result in vision loss (De Vos et al.,
1992). As discussed in Section II1.E.11, AT9Rs are pre-
sent in the retina in rodents and humans. Given the
potent anti-inflammatory effects of AT,R activation
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(Patel et al., 2020), two studies have investigated
whether activation of retinal ATsRs can produce bene-
ficial effects in experimental models of retinal inflam-
mation. In one study it was demonstrated that the
inhibitory effects of the ARB telmisartan on the re-
duction in synaptophysin in retinal inflammation in
mice were not only due to AT R-blockade but also due
to upregulation of ATyR function (Kurihara et al.,
2006). In a more recent study, Verma et al., (2019)
demonstrated, using cultured human retinal pigment
epithelial (RPE) cells, that the ATsR agonist C21 ex-
erted potent inhibitory effects on the increases in
proinflammatory cytokines and NF-xB produced by
treatment of cells with Ang II, H50,, or lipopolysac-
charide (LPS). In the same study, C21 was shown to
inhibit Ang II- and H;0Os-induced ROS generation
(Verma et al.,, 2019). Collectively, these preclinical
studies suggest the potential utility of AT5R agonists
in retinal inflammatory disease.

2. Retinopathies. Retinopathies, whether induced
by diabetes or associated with prematurity, share a
common pathophysiological feature of growth factor—
induced angiogenesis that can lead to at least retinal
detachment and potentially to blindness (Hellstrom
et al., 2013; Wang and Lo, 2018). Investigations on
the role of the RAS in retinopathies have primarily fo-
cused on deleterious actions of Ang II via its AT4R,
and the few studies on AT,R have thus far yielded
inconclusive results (Fletcher et al., 2010). Oxygen-
induced retinopathy (OIR) is often used as an experi-
mental model to mimic retinopathies, and OIR produ-
ces profound VEGF expression and angiogenesis
(Smith et al., 1994; Sarlos et al., 2003). In one study
in mice, OIR-induced retinal angiogenesis was unaf-
fected by the AT,R antagonist PD123319 (Lonchampt
et al.,, 2001), whereas in a similar study in rats
PD123319 attenuated angiogenesis in OIR (Sarlos
et al., 2003). The latter study also reported that the
OIR-induced increases in retinal VEGF and VEGF re-
ceptor 2 (VEGFR-2) were reduced by AT9R antago-
nism (Sarlos et al., 2003), consistent with a study
that demonstrated that increased retinal VEGF gene
and protein expression in diabetic rats was abolished
by PD123319 (Zhang et al., 2004). Thus, in the case of
retinopathies, the available data suggest that ATsR
may potentially exert deleterious effects by increasing
VEGF expression and angiogenesis, unlike the benefi-
cial effects gained by stimulating these processes in
the brain after ischemic stroke (Alhusban et al., 2015;
Mateos et al., 2016). However, it is difficult to con-
clude either way on the benefits or detriments of AT,
Rs in retinopathies given the paucity of studies and
the lack of any involving use of an AT9R agonist. It
also has to be taken into account that the proangio-
genic effect was observed in a model in which
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retinopathy was driven by ischemia (and not inflam-
mation), which may have caused an ischemia-induced
response unrelated to the pathomechanism of retinop-
athy. Further studies are warranted, especially as in-
flammation has an essential role in the pathogenesis
of retinopathy (Wang and Lo, 2018) and AT:R ago-
nists are powerful anti-inflammatory agents in gen-
eral (Rompe et al.,, 2010b; Patel et al., 2020),
including in the eye (Kurihara et al., 2006; Verma
et al., 2019).

Key Points related to Section VI on the AT:;R in
disease are:

® A large majority of experimental evidence indi-
cates that stimulation of AT;Rs exerts protective
effects in a wide variety of disease states, in
diverse tissues and organs. As depicted in the
Visual Abstract that accompanies this article,
there are established protective effects in cardio-
metabolic, vascular, lung, renal, and neural dis-
eases and cancer. There are also other disease
states where protective effects of AT,R activation
are likely, although more studies are needed to
confirm these actions.

® The facts that ATyRs exert these beneficial ac-
tions and that AT;R expression is often in-
creased under disease conditions illustrate the
point that these receptors probably represent
an endogenous protective system that attempts
to alleviate disease progress. As discussed in
the next section (Section VII), this system has
been taken advantage of with the use of a se-
lective AT3R agonist to exert protective effects
in human disease.

® The actions of AT9R in certain disease states are
not without controversy, however. Both beneficial
and detrimental actions of AT3;R have been ob-
served in pain and in cardiac hypertrophy,
whereas in AD AT9R has been shown as benefi-
cial or without effect. In the case of pain, which
is the most controversial as experimental studies
had progressed to clinical trials of AT;R antago-
nists (Section VII), there needs to be a resolution
as to whether the “AT,R antagonists” used are
pure inhibitors or are partial agonists.

VII. AT2-Receptor Agonists and Antagonists in
Drug Development Programs

Almost 20 years of preclinical research targeting
the AToR in multiple disease models has produced
strong evidence for the therapeutic efficacy of AT9R li-
gands in many conditions (reviewed in the preceding
sections). Consequently, a number of projects to de-
velop AT;R-targeting molecules for clinical use have
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been initiated. AT,R-targeting molecules that were
successfully tested in phase I clinical trials include
the agonists C21 (EudraCT No. 2015-005718-32; Vi-
core Pharma, Sweden) (Steckelings et al., 2017a);
MOR-107 (also termed LP-2/3; Morphosys, Germany)
(ClinicalTrials.gov Identifier: NCT03067363); and the
antagonist EMA401 (EudraCT No. 2011-000977-29; Spi-
nifex Pharmaceuticals, Australia). C21 and EMA401
were taken forward into phase II and, in case of C21,
phase III clinical trials and will be covered in detail in
this review.

A. EMA401 — Neuropathic Pain

The first ever phase II clinical trial with an ATsR-
targeting drug tested the ATsR antagonist EMA401
(developed by Spinifex Pharmaceuticals, Australia) in
a multicenter, placebo-controlled, double-blind, ran-
domized trial in patients with postherpetic neuralgia
(ACTRN12611000822987) (Rice et al., 2014; Pulakat
and Sumners, 2020). A total of 183 patients were en-
rolled, of which 92 received EMA401 (100 mg orally
twice daily) and 91 placebo for 28 days. The primary
endpoint was the change in mean pain intensity be-
tween baseline and the last week of dosing, which
was determined by an 11-point numerical rating scale
(NRS). Pain intensity was estimated and documented
by patients daily. EMA401 was well tolerated and the
primary endpoint was met by EMA401 treatment
(P = 0.0066), although the difference to placebo on
the NRS was only 0.7 points (2.3-point reduction in
the EMA401 group vs. 1.6-point reduction in the pla-
cebo group) (Rice et al., 2014; Keppel Hesselink and
Schatman, 2017). This successful phase II study led
to the acquisition of all rights for EMA401 by Novar-
tis, who subsequently initiated another two phase II
trials, one for dose finding in patients with posther-
petic neuralgia (EMPHENE trial; ClinicalTrials.gov
Identifier: NCT03094195) and the other to test safety
and efficacy in patients with painful diabetic neuropa-
thy (EMPADINE trial; ClinicalTrials.gov Identifier:
NCT03297294). Both trials had to be terminated pre-
maturely because of liver toxicity of EMA401 in a pre-
clinical, long-term toxicity study (Rice et al., 2021). At
the time of termination, 129 of the 135 projected sub-
jects of the first cohort in EMPHENE and 137 of the
400 projected subjects in EMPADINE had already
been enrolled, and their study results were analyzed
(Rice et al., 2021). The primary outcome for both stud-
ies was change in the weekly mean of the 24-hour av-
erage pain intensity score from baseline to week 12,
using an 11-point NRS. There was no statistically sig-
nificant effect of EMA401 on pain in both trials de-
spite almost completed recruitment of the first
EMPHENE cohort. Due to its toxicity, which was cat-
egorized as molecule specific but not as a class effect,
clinical development of EMA401 has been terminated.
However, other ATsR-antagonistic follow up molecules
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are in the early stages of development (Isaksson
et al., 2019; Guo et al., 2021). Nevertheless, since
EMA401 may be a partial agonist, it is unknown
whether the therapeutic efficacy observed in the first
phase II trial was due to its agonistic or antagonistic
properties. Thus, the development of “full” AToR an-
tagonists may have to be reconsidered. Moreover, a
very recent study demonstrated that EMA401 block-
ade of visceral hypersensitivity in animal models of ir-
ritable bowel syndrome was abolished by naloxone,
implicating interference with opioid signaling (Nozu
et al., 2021); thus, this is a potential additional mech-
anism to take into account when developing follow-up
AT,R ligands for analgesia.

B. C21 - COVID-19

In response to the SARS-CoV-2 pandemic and based
on strong preclinical data as reviewed (Steckelings
and Sumners, 2020), the ATsR agonist C21 has been
tested for safety and efficacy in a multicenter, ran-
domized, double-blind, placebo-controlled, parallel-
group phase II clinical trial in patients with COVID-
19, the so called ATTRACT (Angiotensin II Type Two
Receptor Agonist in COVID-19 Trial) trial (Clinical-
Trials.gov Identifier: NCT04452435). A total of 106
patients were enrolled and randomized to receive ei-
ther placebo (55 patients) or C21 (100 mg twice daily;
51 patients) orally for 7 days in addition to standard
of care. Patients were followed up for an additional
week. Eligibility criteria included hospitalization for
COVID-19-associated respiratory symptoms but no
mechanical ventilation at treatment start. The origi-
nal primary endpoint, which was a change in C-reac-
tive protein levels, became obsolete during the course
of the trial because shortly before the start of patient
enrollment, dexamethasone became the standard of
care for COVID-19. Dexamethasone leads to a strong
decrease in C-reactive protein levels, thus preventing
a significant add-on effect by C21. Of the secondary
endpoints, the number of subjects in need of oxygen
supply was significantly reduced in C21-treated pa-
tients by the end of the follow up period (Tornling
et al., 2021). The number of patients needing mechani-
cal ventilation (one on C21 vs. four on placebo) and the
number of deaths (one on C21 vs. three on placebo)
were also reduced, but the number of events was too
low to gain any statistically significant results. No ma-
jor treatment-related side effects were reported.

In a follow-up study, high-resolution computer to-
mography obtained prior to, during, or up to 25 weeks
after treatment with C21 or placebo from 33 patients
(17 treated with C21, 16 receiving placebo) enrolled in
ATTRACT were retrospectively evaluated in a blinded
fashion for COVID-19 related pathological changes
such as ground glass opacity, reticulation, band opac-
ity, fibrosis, and consolidation [ATTRACT-2; Clinical-
Trials.gov Identifier: NCT04878913). According to a
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press release by Vicore Pharma, in patients treated
with C21, 10.3% of the lungs displayed pathological
anomalies versus 19.2% in patients in the placebo group
(https://vicorepharma.com/investors/press-releases/press/
?releaseID=214E6F22CE54D9EO0).

Based on the ATTRACT results, the regulatory au-
thorities have approved a pivotal randomized, double-
blind, placebo-controlled, multinational, phase III trial
(ATTRACT-3) that will include 600 adult patients hos-
pitalized with COVID-19 and requiring oxygen support
but not mechanical ventilation. Patients will be treated
for 14 days with C21 (100 mg orally twice daily) or pla-
cebo followed by a 7-week follow-up period. The pri-
mary endpoint will be the “proportion of subjects
discharged from hospital and free of supplemental oxy-
gen” (ClinicalTrials.gov Identifier: NCT04880642). It is
expected that this study will report in spring 2023.

C. C21 - Raynaud’s Phenomenon in Systemic
Scleroderma

Based on multiple preclinical studies showing a
vasodilatory effect with AT9R stimulation, Vicore
Pharma initiated a phase II trial testing the effect of
a single dose of C21 (200 mg orally) on cold-induced
vasoconstriction in 12 female patients with systemic
sclerosis Raynaud’s phenomenon (mean age = 58.5
years) in a randomized, double-blind, placebo-con-
trolled, crossover phase II trial (ClinicalTrials.gov
Identifier: NCT04388176). As an important inclusion
criterion, patients had to experience at least five Ray-
naud’s phenomenon attacks per week. Raynaud’s phe-
nomenon was triggered by a standard cold challenge
of their hands (15°C/15 minutes) 40 minutes after
drug/placebo injection. The primary endpoint, which
was an improvement of area under the curve (AUC)
for rewarming of each finger after cold challenge as
measured by infrared thermography, was not met, al-
though there was a trend toward higher temperatures
in the C21 group. However, patients treated with C21
had a higher maximal skin temperature 15 minutes
after the cold challenge, indicating better perfusion
compared with the placebo-treated subjects, and this
effect was statistically significant (Herrick et al.,
2022). Since by the end of the measurement period
skin temperature had not reached a plateau but was
still increasing, the time of measurement (40 minutes
after drug application) may have been too early to
capture the full effect.

D. C21 — Forearm Blood Flow

Another clinical trial with C21, which is based on
the preclinical observation of AToR-induced vasodila-
tion, is a phase I, open-label, single-center study in
five healthy volunteers that will evaluate the effect of
increasing doses of C21 (3, 10, 30, and 100 ug/min i.a.
for 5 min/dose) on forearm blood flow (ClinicalTrials.-
gov Identifier: NCT05277922). With this study, the
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company will test a faster approach for elucidating
optimal doses of future, new ATyR-agonistic molecules
(https://vicorepharma.com/investors/press-releases/press/
?releaseID=5C37DC64436F081C).

E. C21 - Idiopathic Pulmonary Fibrosis

Prior to the COVID-19 pandemic idiopathic pulmo-
nary fibrosis was the first indication for clinical devel-
opment of the AT,R agonist C21. Prioritization of a
clinical trial in patients with COVID-19 plus the po-
tentially increased risk of coronavirus infection in pa-
tients with idiopathic pulmonary fibrosis (a high-risk
group) due to study participation delayed the onset of
the phase II trial. The AIR trial is currently (Q3,
2022) still recruiting with the aim to enroll 60 pa-
tients to be treated with C21 (100 mg orally twice
daily). The multicenter, open-label, single-arm (no pla-
cebo; comparison with historical controls) trial will ex-
amine the safety, efficacy, and pharmacokinetics of C21.
Tolerability is listed as primary endpoint on Clinical-
Trials.gov (ClinicalTrials.gov Identifier: NCT04533022).
The sponsor’s webpage also discloses a primary efficacy
endpoint, which is a change in forced vital capacity at
week 24 from baseline. The trial is expected to report in
2023. In February 2022, Vicore Pharma published data
on their webpage about an interim analysis of the AIR
study (https:/vicorepharma.com/wp-content/uploads/2022/
02/webcast-presentation-ipf-interim-220210.pdf). At that
time, 21 of the projected 60 patients had been enrolled, of
which 16 had completed the minimal treatment period of
24 weeks. The interim analysis revealed that patients ex-
perienced an average increase in mean forced vital capac-
ity of 251 ml, whereas the historical control derived from
four trials with almost 1000 patients saw a decline in
forced vital capacity of 151 ml (King et al., 2014; Brown
et al., 2019; Maher et al., 2019; Richeldi et al., 2020).

Key Points related to Section VII on AT5R Agonists
and Antagonists in Drug Development Programs are:

® In recent years, the AToR has been explored as a
drug target in various clinical studies.

® AT,R antagonists have been developed for the
treatment of neuropathic pain, but the most ad-
vanced program was terminated due to molecule-
specific toxicity.

® The most advanced drug development program
for AT,R agonists involves the small molecule
drug C21 for use in COVID-19 (currently in
phase III) and in idiopathic pulmonary fibrosis
(currently in phase II).

VIII. Open Questions in AT,R Research

Despite the wealth of research on the AT;R over
the last two decades, some questions on AT3R biology
are frequent topics of discussion and are still
unresolved.
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One such question concerns the true role of the AT,
R during embryonic development. In this context, two
AT,R-related dogmata seem to contradict each other:
on the one hand, AToRs are highly expressed in em-
bryonic tissue and are believed to play a role in em-
bryo development, but on the other hand, mice with
global AT;R deficiency have hardly any developmen-
tal deficits. The question is: how can a receptor be im-
portant for embryo development but at the same time
be dispensable? The common belief that AT,Rs are
generally and abundantly expressed in fetal tissue
goes back to early studies in which AT9R expression
was determined by in situ receptor binding assays on
sagittal frozen sections of fetal and neonatal rats us-
ing 1%°I-Sar!lle®-angiotensin II (Jones et al., 1989;
Grady et al., 1991). Looking at these data more
closely, there are two important findings: 1) ATyRs
are not ubiquitously expressed in high abundance in
embryos, but high expression was restricted to undif-
ferentiated mesenchyme of the intestine, skin, dia-
phragm, and tongue; and 2) AT,R expression was
strongest between E14 and E20 (i.e., toward the end
of pregnancy when organogenesis has already been
completed). However, there is one exception, which is
organogenesis of the urogenital tract that is still on-
going on E20 and beyond (Grady et al., 1991). This
may explain why the only defect in terms of organo-
genesis consistently described for AT;R-KO mice is
associated with urogenital malformations causing, for
example, ureteral obstruction (Pope et al., 1998, 1999;
Song et al., 2010). Apoptosis of mesenchymal cells
surrounding the ureter and ureteral bud is an essen-
tial developmental process and at least partly medi-
ated by AT.Rs (Pope et al., 1998, 1999). Impaired
disappearance of periureteral mesenchymal cells has
indeed been described as a cause of ureteral obstruc-
tion in AT,R-KO (Pope et al., 1998). In humans, there
is an overproportional occurrence of the A-1332G AT,
R transition in individuals with congenital anomalies
of the kidney and urinary tract (CAKUT), which indi-
cates that the AT5R is also relevant for ureteral devel-
opment in humans (Hohenfellner et al., 1999).

Another possible explanation for the seeming lack
of developmental deficits in AToR-KO mice may be
that such changes are subtle and only become appar-
ent when mice are challenged (e.g., by prohyperten-
sive, prodiabetic, proinflammatory, or profibrotic
stimuli in respective disease models). For example,
the increased BP rise in response to Ang II infusions
(Hein et al., 1995a; Ichiki et al., 1995) may be a result
of developmental deficits of aortic cells/VSMCs (Vis-
wanathan et al., 1991), or the impaired glucose toler-
ance (Samuel et al., 2013; Quiroga et al., 2019) may
be caused by incomplete pancreatic f-cell differentia-
tion (Leung et al., 2014). Finally, the full phenotype
in AT,R-KO may not be attained due to induction of
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compensatory mechanisms such as an increase in ac-
tivity of the ACE2/Ang-(1-7)/MAS axis of the RAS.
Surprisingly, the phenotypes of the two originally
generated AT,R-KO mouse strains—one from the
group of Victor Dzau and Brian Kobilka (Hein et al.,
1995a) and the other from the group of Tadashi Ina-
gami (Ichiki et al., 1995)—were not identical, as al-
ready reviewed in Section V, the major difference
probably being increased basal BP in the Inagami
mice whereas baseline BP in the Dzau/Kobilka mice
was normal. The cause of this difference is unknown
but may either be attributed to slight differences in
experimental conditions or to differences between the
two mouse strains, which are in fact substantial.
Although both strains were derived from an identical
genomic clone (both isolated from a genomic DNA li-
brary of 129/SV mouse from Stratagene), they were
backcrossed to different background strains: the
Dzau/Kobilka mice to an FVB/N background (Hein
et al., 1995a) and the Inagami mice to a C57B1/6 back-
ground (Ichiki et al., 1995). Since it is generally
known that different genetic backgrounds associated
with different modifier or flanking genes can result in
different phenotypes (Montagutelli, 2000; Eisener-
Dorman et al., 2009), differences between the two
AT5R-KO strains are not really surprising. These dif-
ferences may also be the reason for sometimes contra-
dicting outcomes when AT>R-KO mice of different
background are attributed to disease models such as
cardiac hypertrophy (Steckelings et al., 2010; Avila
et al., 2011). It may also explain that in some disease
models such as cardiac hypertrophy (Steckelings
et al., 2010; Avila et al.,, 2011) or obesity (Yvan-
Charvet et al., 2005; Chai et al., 2011; Samuel et al.,
2013; Munoz et al., 2017; Quiroga et al., 2019), inhibi-
tion of AT,R actions by receptor antagonists elicits
more consistent results than the use of ATsR-deficient
mice. Another conclusion from the controversy that
may result from the use of AT3R-KO mice is that the
gold standard for studying ATsR effects is the use of
AT.R agonists and not the “backward” approach of
concluding on AT.R effects from what is “lacking”
when the receptor is antagonized or disrupted.
Another major open question and puzzling observa-
tion in AT9R research is that stimulation of AT9Rs
can have pro- and antiapoptotic effects. For example,
proapoptotic effects were described in embryonic mes-
enchymal cells (Kakuchi et al., 1995; Pope et al., 1998,
1999), PC12W and R3T3 cells (Yamada et al., 1996),
cancer cells (Li et al., 2009; Zhao Y et al., 2015), and
adult or embryonic VSMCs (Cui et al., 2001; Suzuki
et al., 2002), whereas the ATsR protected from apopto-
sis in various disease models such as MI (Kaschina
et al., 2008), stroke (Schwengel et al., 2016), spinal
cord injury (Namsolleck et al., 2013), or DN (Pandey
and Gaikwad, 2017). In light of these opposing effects
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of the AT,R on apoptosis, the consequent question is
what constitutes the “switch” between pro- and antia-
poptotic properties. With regard to the ATsR, there is
no ultimate answer to this question. However, “life/
death switches” have been described for several signal-
ing mechanisms, which are strikingly also described to
play a role in ATsR-coupled signal transduction. For
example, the serine/threonine phosphatase PP2A,
which is a main component of AT;R signaling as elabo-
rated in this review, is involved in life/death decisions
by modifying phosphorylation patterns of Akt, thus al-
tering Akt downstream signaling (Andrabi et al.,
2007). Pro- or antiapoptotic signaling of PP2A/AKT
seems to depend on what other input (e.g., growth fac-
tors) the cell receives. Another example of a “life/death
switch” is ERK1/2 MAPK activation, which in a com-
plex interplay with other factors either inhibits or pro-
motes apoptosis (Yue and Loépez, 2020; Sugiura et al.,
2021). The ATsR was reported to be able to either in-
duce or inhibit ERK1/2 MAPK depending on the condi-
tions. One study reported both inhibition and
activation of ERK1/2 in one and the same cell type,
PC12W cells, observing ATsR-mediated ERK1/2 MAPK
activation in quiescent cells, whereas in NGF-stimu-
lated PC12W, AToR-stimulation inhibited NGF-in-
duced ERK1/2 MAPK activity (Stroth et al., 2000).
These ATo,R ERK1/2 MAPK interactions indicate that
the AT9R not only signals through a mechanism that
in itself is a “life/death switch” but that it can also acti-
vate or inhibit this mechanism (ERK1/2 MAPK), thus
constituting a complex, still unresolved interplay with
the potential to lead to pro- or antiapoptotic effects. Fi-
nally, HDAC1, which was only very recently identified
to be involved in AT;R-mediated regulation of apopto-
sis and proliferation (Peluso et al., 2022), promotes or
inhibits proliferation depending on cell type and condi-
tions (Dunaway and Pollock, 2022).

Collectively, the Janus-faced behavior of the ATsR
regarding life and death signals is not as unusual (or
even unbelievable) as it seems but has also and inde-
pendently been described for various signaling cas-
cades that are involved in AT,R signaling. Future
experiments will have to provide proof that these
known mechanisms are indeed responsible for an AT,
R-associated “life/death switch” that, according to current,
preliminary understanding, may elicit antiapoptotic, pro-
tective effects of the ATR in disease situations, whereas
in healthy cells the AT5R contributes to physiological cell
turnover and differentiation through a mild proapoptotic
effect.

IX. Conclusions and Future Perspectives

More than three decades of AT5R research have in a
vast majority of studies provided unquestionable evi-
dence that this receptor is the central player of an en-
dogenous protection, healing, and regeneration program
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that spans multiple organ systems. With few exceptions,
AT5R stimulation or knockdown has only minor effects
in a healthy organism (see Section V), whereas its en-
dogenous protective effects have been successfully ap-
plied in a multitude of disease models for therapeutic
purposes (see Section VI).

Despite comprehensive knowledge of ATsR activity
in health and disease and the development of AT5R Ii-
gands for clinical use (Section IV), AT9R research is
only now beginning to understand the structure and
nature of this receptor, its activation mechanisms,
and early upstream signaling. The recent crystalliza-
tion of the ATsR (see Section III.B) has provided some
first insights in this field, but many more studies will
be needed to fully understand this unusual receptor
that does not seem to fit into the traditional GPCR
categories.

A better understanding of AT,R structure and its
activation mechanisms will also illuminate the nature
of its ligands, which, despite years of AT;R research,
seems to be more unclear than ever. In particular due
to the lack of suitable functional screening assays,
there is limited data to show which of the ATsR li-
gands are full agonists and which are ‘full’ antago-
nists. Instead, the latest evidence suggests that most
of the ligands, which are regarded as antagonists, are
in fact partial agonists.

Our fragmented understanding of ATsR ligands
may negatively impact drug development programs
since lead compounds that are chosen for their ago-
nistic or antagonistic properties might not exert the
maximum possible effect. Therefore, more reliable
screening assays need to be developed, potentially
based on new knowledge of the AT,R structure, and
all existing ligands must be reevaluated to identify
new molecules with improved properties.

The final and most impactful questions that must
be answered by future research concern the thera-
peutic efficacy of targeting the AToR. The effects of
AToR in preclinical models are consistently protec-
tive but often rather weak. It remains unclear if
these effects are strong enough for clinical use or if
ligands could be optimized to get stronger effects. It
is possible that the greatest potential of the AT;R
could be as part of a combination therapy. Finally, it
remains unknown which of the indications that
were successfully tested in animal disease models
have the highest probability of successful transla-
tion into the clinical setting.

From an optimistic standpoint and in light of the
most recent advances in AT,R research, it seems real-
istic that most of the above questions will be an-
swered within the next 5 to 10 years. However,
undoubtedly new questions will arise and drive AT,R
research for many years to come.



1118

Acknowledgments

Some of the illustrations in the Visual Abstract and in Figs. 1,
5, and 10 are reproduced from Servier Medical Art Commons Attri-
bution 3.0 Unported License (https:/smart.servier.com).

Authorship Contributions

Wrote or contributed to the writing of the manuscript: Steckel-
ings, Widdop, Sturrock, Lubbe, Hussain, Kaschina, Unger, Hall-
berg, Carey, Sumners.

References

Aalkjaer C, Danielsen H, Johannesen P, Pedersen EB, Rasmussen A, and Mulvany
MJ (1985) Abnormal vascular function and morphology in pre-eclampsia: a study
of isolated resistance vessels. Clin Sci (Lond) 69:477-482.

Abadir PM, Carey RM, and Siragy HM (2003) Angiotensin AT2 receptors directly
stimulate renal nitric oxide in bradykinin B2-receptor-null mice. Hypertension
42:600-604.

Abadir PM, Foster DB, Crow M, Cooke CA, Rucker JJ, Jain A, Smith BJ, Burks
TN, Cohn RD, Fedarko NS, et al. (2011a) Identification and characterization of a
functional mitochondrial angiotensin system. Proc Natl Acad Sci USA
108:14849-14854.

Abadir PM, Periasamy A, Carey RM, and Siragy HM (2006) Angiotensin II type 2
receptor-bradykinin B2 receptor functional heterodimerization. Hypertension
48:316-322.

Abadir PM, Walston JD, and Carey RM (2012) Subcellular characteristics of
functional intracellular renin-angiotensin systems. Peptides 38:437—445.

Abadir PM, Walston JD, Carey RM, and Siragy HM (2011b) Angiotensin II Type-2
receptors modulate inflammation through signal transducer and activator of
transcription proteins 3 phosphorylation and TNFo production. J Interferon
Cytokine Res 31:471-474.

AbdAlla S, Lother H, Abdel-tawab AM, and Quitterer U (2001) The angiotensin II
AT2 receptor is an AT1 receptor antagonist. J Biol Chem 276:39721-39726.

AbdAlla S, Lother H, el Missiry A, Langer A, Sergeev P, el Faramawy Y, and
Quitterer U (2009) Angiotensin II AT2 receptor oligomers mediate G-protein
dysfunction in an animal model of Alzheimer disease. J Biol Chem 284:6554—6565.

Abdulla MH and Johns EJ (2017) The role of brain angiotensin II (type 2) receptors
and nitric oxide in the renal sympathoinhibitory response to acute volume
expansion in conscious rats. J Hypertens 35:338-347.

Adachi Y, Saito Y, Kishimoto I, Harada M, Kuwahara K, Takahashi N, Kawakami
R, Nakanishi M, Nakagawa Y, Tanimoto K, et al. (2003) Angiotensin II type 2
receptor deficiency exacerbates heart failure and reduces survival after acute
myocardial infarction in mice. Circulation 107:2406-2408.

Ahmad Z, Milligan CJ, Paton JFR, and Deuchars J (2003) Angiotensin type 1
receptor immunoreactivity in the thoracic spinal cord. Brain Res 985:21-31.

Ahmed HA and Ishrat T (2020) The brain AT2R-a potential target for therapy in
Alzheimer’s disease and vascular cognitive impairment: a comprehensive review
of clinical and experimental therapeutics. Mol Neurobiol 57:3458-3484.

Ahmed HA, Ishrat T, Pillai B, Bunting KM, Patel A, Vazdarjanova A, Waller JL,
Arbab AS, Ergul A, and Fagan SC (2018a) Role of angiotensin system
modulation on progression of cognitive impairment and brain MRI changes in
aged hypertensive animals - a randomized double- blind pre-clinical study. Behav
Brain Res 346:29-40.

Ahmed HA, Ishrat T, Pillai B, Bunting KM, Vazdarjanova A, Waller JL, Ergul A,
and Fagan SC (2019) Angiotensin receptor (AT2R) agonist C21 prevents
cognitive decline after permanent stroke in aged animals-a randomized double-
blind pre-clinical study. Behav Brain Res 359:560-569.

Ahmed HA, Ishrat T, Pillai B, Fouda AY, Sayed MA, Eldahshan W, Waller JL,
Ergul A, and Fagan SC (2018b) RAS modulation prevents progressive cognitive
impairment after experimental stroke: a randomized, blinded preclinical trial. J
Neuroinflammation 15:229.

Ahmed HA, Ismael S, Salman M, Devlin P, McDonald MP, Liao F-F, and Ishrat T
(2022) Direct AT2R stimulation slows post-stroke cognitive decline in the 5XFAD
Alzheimer’s disease mice. Mol Neurobiol 59:4124-4140 10.1007/s12035-022-
02839-x.

Akishita M, Horiuchi M, Yamada H, Zhang L, Shirakami G, Tamura K, Ouchi Y,
and Dzau VJ (2000a) Inflammation influences vascular remodeling through AT2
receptor expression and signaling. Physiol Genomics 2:13-20.

Akishita M, Ito M, Lehtonen JY, Daviet L, Dzau VJ, and Horiuchi M (1999)
Expression of the AT2 receptor developmentally programs extracellular signal-
regulated kinase activity and influences fetal vascular growth. J Clin Invest
103:63-71.

Akishita M, Iwai M, Wu L, Zhang L, Ouchi Y, Dzau VJ, and Horiuchi M (2000b)
Inhibitory effect of angiotensin II type 2 receptor on coronary arterial remodeling
after aortic banding in mice. Circulation 102:1684-1689.

Albers GW, Goldstein LB, Hess DC, Wechsler LR, Furie KL, Gorelick PB, Hurn P,
Liebeskind DS, Nogueira RG, and Saver JL; STAIR VII Consortium (2011)
Stroke Treatment Academic Industry Roundtable (STAIR) recommendations for
maximizing the use of intravenous thrombolytics and expanding treatment
options with intra-arterial and neuroprotective therapies. Stroke 42:2645-2650.

Albiston AL, McDowall SG, Matsacos D, Sim P, Clune E, Mustafa T, Lee J,
Mendelsohn FA, Simpson RdJ, Connolly LM, et al. (2001) Evidence that the
angiotensin IV (AT(4)) receptor is the enzyme insulin-regulated aminopeptidase.
J Biol Chem 276:48623-48626.

Albiston AL, Morton CJ, Ng HL, Pham V, Yeatman HR, Ye S, Fernando RN, De
Bundel D, Ascher DB, Mendelsohn FAO, et al. (2008) Identification and

Steckelings et al.

characterization of a new cognitive enhancer based on inhibition of insulin-
regulated aminopeptidase. FASEB J 22:4209-4217.

Aleksiejczuk M, Gromotowicz-Poplawska A, Marcinczyk N, Przylipiak A, and
Chabielska E (2019) The expression of the renin-angiotensin-aldosterone system
in the skin and its effects on skin physiology and pathophysiology. J Physiol
Pharmacol 70:325-336.

Alfakih K, Lawrance RA, Magbool A, Walters K, Ball SG, Balmforth AJ, and Hall
AS (2005) The clinical significance of a common, functional, X-linked angiotensin
II type 2-receptor gene polymorphism (-1332 G/A) in a cohort of 509 families with
premature coronary artery disease. Eur Heart J 26:584—589.

Alhakamy NA, Ishiguro S, Uppalapati D, Berkland CJ, and Tamura M (2016)
AT2R gene delivered by condensed polylysine complexes attenuates Lewis lung
carcinoma after intravenous injection or intratracheal spray. Mol Cancer Ther
15:209-218.

Alhusban A, Fouda AY, Pillai B, Ishrat T, Soliman S, and Fagan SC (2015)
Compound 21 is pro-angiogenic in the brain and results in sustained recovery
after ischemic stroke. J Hypertens 33:170-180.

Alhusban A, Kozak A, Ergul A, and Fagan SC (2013) AT1 receptor antagonism is
proangiogenic in the brain: BDNF a novel mediator. J Pharmacol Exp Ther
344:348-359.

Ali Q and Hussain T (2012) AT2 receptor non-peptide agonist C21 promotes
natriuresis in obese Zucker rats. Hypertens Res 35:654-660.

Ali Q, Patel S, and Hussain T (2015) Angiotensin AT2 receptor agonist prevents
salt-sensitive hypertension in obese Zucker rats. Am J Physiol Renal Physiol
308:F1379-F1385.

Ali Q, Sabuhi R, and Hussain T (2010) High glucose up-regulates angiotensin II
subtype 2 receptors via interferon regulatory factor-1 in proximal tubule
epithelial cells. Mol Cell Biochem 344:65-71.

Ali Q, Wu Y, and Hussain T (2013) Chronic AT2 receptor activation increases renal
ACE2 activity, attenuates AT1 receptor function and blood pressure in obese
Zucker rats. Kidney Int 84:931-939.

Ali R, Patel S, and Hussain T (2021) Angiotensin type 2 receptor activation limits
kidney injury during the early phase and induces Treg cells during the late
phase of renal ischemia. Am JJ Physiol Renal Physiol 320:F814-F825.

Altarche-Xifr6 W, Curato C, Kaschina E, Grzesiak A, Slavic S, Dong J, Kappert K,
Steckelings M, Imboden H, Unger T, et al. (2009) Cardiac c-kit+AT2+ cell
population is increased in response to ischemic injury and supports cardiomyocyte
performance. Stem Cells 27:2488-2497.

Alvarez SE, Seguin LR, Villarreal RS, Nahmias C, and Ciuffo GM (2008)
Involvement of c-Src tyrosine kinase in SHP-1 phosphatase activation by Ang II
AT?2 receptors in rat fetal tissues. J Cell Biochem 105:703-711.

2020 Alzheimer’s disease facts and figures. (2020) Alzheimers Dement 16:391-460
DOI: 10.1002/alz.12068.

Anand U, Facer P, Yiangou Y, Sinisi M, Fox M, McCarthy T, Bountra C, Korchev
YE, and Anand P (2013) Angiotensin II type 2 receptor (AT2 R) localization and
antagonist-mediated inhibition of capsaicin responses and neurite outgrowth in
human and rat sensory neurons. Eur J Pain 17:1012-1026.

Anand U, Yiangou Y, Sinisi M, Fox M, MacQuillan A, Quick T, Korchev YE,
Bountra C, McCarthy T, and Anand P (2015) Mechanisms underlying clinical
efficacy of angiotensin II type 2 receptor (AT2R) antagonist EMA401 in
neuropathic pain: clinical tissue and in vitro studies. Mol Pain 11:38.

Andrabi S, Gjoerup OV, Kean JA, Roberts TM, and Schaffhausen B (2007) Protein
phosphatase 2A regulates life and death decisions via Akt in a context-dependent
manner. Proc Natl Acad Sci USA 104:19011-19016.

Andresen BT, Shome K, Jackson EK, and Romero GG (2005) AT2 receptors cross
talk with AT1 receptors through a nitric oxide- and RhoA-dependent mechanism
resulting in decreased phospholipase D activity. Am J Physiol Renal Physiol
288:F763-F770.

Aranguiz-Urroz P, Soto D, Contreras A, Troncoso R, Chiong M, Montenegro J,
Venegas D, Smolic C, Ayala P, Thomas WG, et al. (2009) Differential
participation of angiotensin II type 1 and 2 receptors in the regulation of cardiac
cell death triggered by angiotensin II. Am J Hypertens 22:569-576.

Armando I, Jezova M, Bregonzio C, Baiardi G, and Saavedra JM (2004)
Angiotensin II AT1 and AT2 receptor types regulate basal and stress-induced
adrenomedullary catecholamine production through transcriptional regulation of
tyrosine hydroxylase. Ann N 'Y Acad Sci 1018:302—-309.

Armando I, Jezova M, Juorio AV, Terrén JA, Falcon-Neri A, Semino-Mora C,
Imboden H, and Saavedra JM (2002) Estrogen upregulates renal angiotensin II
AT(2) receptors. Am J Physiol Renal Physiol 283:F934-F943.

Asada H, Horita S, Hirata K, Shiroishi M, Shiimura Y, Iwanari H, Hamakubo T,
Shimamura T, Nomura N, Kusano-Arai O, et al. (2018) Crystal structure of the
human angiotensin II type 2 receptor bound to an angiotensin II analog. Nat
Struct Mol Biol 25:570-576.

Asada H, Inoue A, Ngako Kadji FM, Hirata K, Shiimura Y, Im D, Shimamura T,
Nomura N, Iwanari H, Hamakubo T, et al. (2020) The crystal structure of
angiotensin II type 2 receptor with endogenous peptide hormone. Structure
28:418-425.e4.

Asano K, Dutcher DL, Port JD, Minobe WA, Tremmel KD, Roden RL, Bohlmeyer
TdJ, Bush EW, Jenkin MdJ, Abraham WT, et al. (1997) Selective downregulation of
the angiotensin II AT1-receptor subtype in failing human ventricular
myocardium. Circulation 95:1193-1200.

Assersen KB, Sumners C, and Steckelings UM (2020) The renin-angiotensin
system in hypertension, a constantly renewing classic: focus on the angiotensin
ATy-receptor. Can J Cardiol 36:683-693.

Aumelas A, Sakarellos C, Lintner K, Fermandjian S, Khosla MC, Smeby RR, and
Bumpus FM (1985) Studies on angiotensin II and analogs: impact of substitution
in position 8 on conformation and activity. Proc Natl Acad Sci USA
82:1881-1885.


https://smart.servier.com

Angiotensin ATy, Receptor: A Novel Therapeutic Target

Avila MD, Morgan JP, and Yan X (2011) Genetically modified mouse models used
for studying the role of the AT2 receptor in cardiac hypertrophy and heart
failure. J Biomed Biotechnol 2011:141039.

Avina-Padilla K, Ramirez-Rafael JA, Herrera-Oropeza GE, Muley VY, Valdivia DI,
Diaz-Valenzuela E, Garcia-Garcia A, Varela-Echavarria A, and Hernandez-
Rosales M (2021) Evolutionary perspective and expression analysis of intronless
genes highlight the conservation of their regulatory role. Front Genet 12:654256.

Axelband F, Assuncao-Miranda I, de Paula IR, Ferrao FM, Dias J, Miranda A,
Miranda F, Lara LS, and Vieyra A (2009) Ang-(3-4) suppresses inhibition of renal
plasma membrane calcium pump by Ang II. Regul Pept 155:81-90.

Babonneau J, Bréard D, Reynaert M-L, Marion E, Guilet D, Saint André J-P,
Croué A, Brodin P, Richomme P, and Marsollier L (2019) Mycolactone as
analgesic: subcutaneous bioavailability parameters. Front Pharmacol 10:378.

Bai H-Y, Mogi M, Nakaoka H, Kan-No H, Tsukuda K, Wang X-L, Shan B-S, Kukida
M, Yamauchi T, Higaki A, et al. (2016) Synergistic inhibitory effect of
rosuvastatin and angiotensin II type 2 receptor agonist on vascular remodeling.
J Pharmacol Exp Ther 358:352-358.

Baiardi G, Macova M, Armando I, Ando H, Tyurmin D, and Saavedra JM (2005)
Estrogen upregulates renal angiotensin II AT1 and AT2 receptors in the rat.
Regul Pept 124:7-17.

Balestrino R and Schapira AHV (2020) Parkinson disease. Eur J Neurol 27:27-42.

Balla T, Baukal AJ, Eng S, and Catt KJ (1991) Angiotensin II receptor subtypes
and biological responses in the adrenal cortex and medulla. Mol Pharmacol
40:401-406.

Baranov D and Armstead WM (2005) Nitric oxide contributes to AT2 but not AT1
angiotensin II receptor-mediated vasodilatation of porcine pial arteries and
arterioles. Eur J Pharmacol 525:112-116.

Barber MN, Sampey DB, and Widdop RE (1999) AT(2) receptor stimulation
enhances antihypertensive effect of AT(1) receptor antagonist in hypertensive
rats. Hypertension 34:1112-1116.

Barnes JM, Barber PC, and Barnes NM (1991) Identification of angiotensin II
receptor subtypes in human brain. Neuroreport 2:605-608.

Barnes JM, Steward LdJ, Barber PC, and Barnes NM (1993) Identification and
characterisation of angiotensin II receptor subtypes in human brain. Eur J
Pharmacol 230:251-258.

Bataller R, Gines P, Nicolas JM, Gorbig MN, Garcia-Ramallo E, Gasull X, Bosch J,
Arroyo V, and Rodés J (2000) Angiotensin II induces contraction and
proliferation of human hepatic stellate cells. Gastroenterology 118:1149-1156.

Bataller R, Sancho-Bru P, Gines P, Lora JM, Al-Garawi A, Solé M, Colmenero J,
Nicolas JM, Jiménez W, Weich N, et al. (2003) Activated human hepatic stellate
cells express the renin-angiotensin system and synthesize angiotensin II.
Gastroenterology 125:117-125.

Batenburg WW, Garrelds IM, Bernasconi CC, Juillerat-Jeanneret L, van Kats JP,
Saxena PR, and Danser AHJ (2004) Angiotensin II type 2 receptor-mediated
vasodilation in human coronary microarteries. Circulation 109:2296-2301.

Bechara RI, Brown LAS, Eaton DC, Roman J, and Guidot DM (2003) Chronic
ethanol ingestion increases expression of the angiotensin II type 2 (AT2) receptor
and enhances tumor necrosis factor-alpha- and angiotensin II-induced
cytotoxicity via AT2 signaling in rat alveolar epithelial cells. Alcohol Clin Exp
Res 27:1006-1014.

Bedecs K, Elbaz N, Sutren M, Masson M, Susini C, Strosberg AD, and Nahmias C
(1997) Angiotensin II type 2 receptors mediate inhibition of mitogen-activated
protein kinase cascade and functional activation of SHP-1 tyrosine phosphatase.
Biochem J 325:449-454.

Begorre M-A, Dib A, Habchi K, Guihot A-L, Bourreau J, Vessieres E, Blondeau B,
Loufrani L, Chabbert M, Henrion D, et al. (2017) Microvascular vasodilator
properties of the angiotensin II type 2 receptor in a mouse model of type 1
diabetes. Sci Rep 7:45625.

Beitz JM (2014) Parkinson’s disease: a review. Front Biosci (Schol Ed) 6:65-74.

Bello NT and Hajnal A (2010) Dopamine and binge eating behaviors. Pharmacol
Biochem Behav 97:25-33.

Belloni AS, Andreis PG, Macchi V, Gottardo G, Malendowicz LK, and Nussdorfer
GG (1998) Distribution and functional significance of angiotensin-II AT1- and
AT2-receptor subtypes in the rat adrenal gland. Endocr Res 24:1-15.

Benitez SG, Seltzer AM, Messina DN, Foscolo MR, Patterson SI, and Acosta CG
(2020) Cutaneous inflammation differentially regulates the expression and
function of angiotensin-II types 1 and 2 receptors in rat primary sensory
neurons. J Neurochem 152:675-696.

Benndorf RA, Krebs C, Hirsch-Hoffmann B, Schwedhelm E, Cieslar G, Schmidt-
Haupt R, Steinmetz OM, Meyer-Schwesinger C, Thaiss F, Haddad M, et al.
(2009) Angiotensin II type 2 receptor deficiency aggravates renal injury and
reduces survival in chronic kidney disease in mice. Kidney Int 75:1039-1049.

Bennion DM, Isenberg JD, Harmel AT, DeMars K, Dang AN, Jones CH, Pignataro
ME, Graham JT, Steckelings UM, Alexander JC, et al. (2017) Post-stroke
angiotensin II type 2 receptor activation provides long-term neuroprotection in
aged rats. PLoS One 12:¢0180738.

Bennion DM, Jones CH, Dang AN, Isenberg J, Graham JT, Lindblad L, Domenig
O, Waters MF, Poglitsch M, Sumners C, et al. (2018a) Protective effects of the
angiotensin II ATy receptor agonist compound 21 in ischemic stroke: a nose-to-
brain delivery approach. Clin Sci (Lond) 132:581-593.

Bennion DM, Steckelings UM, and Sumners C (2018b) Neuroprotection via AT,
receptor agonists in ischemic stroke. Clin Sci (Lond) 132:1055-1067.

Bergaya S, Hilgers RHP, Meneton P, Dong Y, Bloch-Faure M, Inagami T, Alhenc-
Gelas F, Lévy BI, and Boulanger CM (2004) Flow-dependent dilation mediated
by endogenous Kkinins requires angiotensin AT2 receptors. Circ Res
94:1623-1629.

Berk BC, Fujiwara K, and Lehoux S (2007) ECM remodeling in hypertensive heart
disease. J Clin Invest 117:568-575.

Bernasconi R and Nystrom A (2018) Balance and circumstance: the renin
angiotensin system in wound healing and fibrosis. Cell Signal 51:34-46.

1119

Bessaguet F, Danigo A, Bouchenaki H, Duchesne M, Magy L, Richard L, Sturtz F,
Desmouliere A, and Demiot C (2018) Neuroprotective effect of angiotensin II type
2 receptor stimulation in vincristine-induced mechanical allodynia. Pain
159:2538-2546.

Bessaguet F, Danigo A, Magy L, Sturtz F, Desmouliére A, and Demiot C (2017)
Candesartan prevents resiniferatoxin-induced sensory small-fiber neuropathy in
mice by promoting angiotensin II-mediated AT2 receptor stimulation.
Neuropharmacology 126:142-150.

Bhat SA, Sood A, Shukla R, and Hanif K (2019) AT2R activation prevents microglia
pro-inflammatory activation in a NOX-dependent manner: inhibition of PKC
activation and p47°"™ phosphorylation by PP2A. Mol Neurobiol 56:3005—-3023.

Bienvenu T, Poirier K, Van Esch H, Hamel B, Moraine C, Fryns JP, Ropers HH,
Beldjord C, Yntema HG, and Chelly J (2003) Rare polymorphic variants of the
AGTR2 gene in boys with non-specific mental retardation. J Med Genet
40:357-359.

Blanch GT, Freiria-Oliveira AH, Speretta GFF, Carrera EJ, Li H, Speth RC,
Colombari E, Sumners C, and Colombari DSA (2014) Increased expression of
angiotensin II type 2 receptors in the solitary-vagal complex blunts renovascular
hypertension. Hypertension 64:777-783.

Blankley CJ, Hodges JC, Klutchko SR, Himmelsbach RJ, Chucholowski A,
Connolly CJ, Neergaard SJ, Van Nieuwenhze MS, Sebastian A, Quin 3rd J, et al.
(1991) Synthesis and structure-activity relationships of a novel series of non-
peptide angiotensin II receptor binding inhibitors specific for the AT2 subtype. J
Med Chem 34:3248-3260.

Bonnet F, Candido R, Carey RM, Casley D, Russo LM, Osicka TM, Cooper ME, and
Cao Z (2002) Renal expression of angiotensin receptors in long-term diabetes and the
effects of angiotensin type 1 receptor blockade. J Hypertens 20:1615-1624.

Booz GW and Baker KM (1996) The role of the renin-angiotensin system in the
pathophysiology of cardiac remodeling. Blood Press Suppl 2:10-18.

Bosnyak S, Jones ES, Christopoulos A, Aguilar M-I, Thomas WG, and Widdop RE
(2011) Relative affinity of angiotensin peptides and novel ligands at AT1 and AT2
receptors. Clin Sci (Lond) 121:297-303.

Bosnyak S, Welungoda IK, Hallberg A, Alterman M, Widdop RE, and Jones ES
(2010) Stimulation of angiotensin AT2 receptors by the non-peptide agonist,
Compound 21, evokes vasodepressor effects in conscious spontaneously
hypertensive rats. Br J Pharmacol 159:709-716.

Bosnyak S, Widdop RE, Denton KM, and Jones ES (2012) Differential mechanisms
of ang (1-7)-mediated vasodepressor effect in adult and aged candesartan-treated
rats. Int J Hypertens 2012:192567.

Bottari SP, King IN, Reichlin S, Dahlstroem I, Lydon N, and de Gasparo M (1992)
The angiotensin AT2 receptor stimulates protein tyrosine phosphatase activity
and mediates inhibition of particulate guanylate cyclase. Biochem Biophys Res
Commun 183:206-211.

Bottari SP, Taylor V, King IN, Bogdal Y, Whitebread S, and de Gasparo M (1991)
Angiotensin II AT2 receptors do not interact with guanine nucleotide binding
proteins. Eur J Pharmacol 207:157-163.

Bouley R, Pérodin J, Plante H, Rihakova L, Bernier SG, Maletinskd L, Guillemette
G, and Escher E (1998) N- and C-terminal structure-activity study of angiotensin
II on the angiotensin AT2 receptor. Eur J Pharmacol 343:323-331.

Bove CM, Gilson WD, Scott CD, Epstein FH, Yang Z, Dimaria JM, Berr SS, French
BA, Bishop SP, and Kramer CM (2005) The angiotensin II type 2 receptor and
improved adjacent region function post-MI. J Cardiovasc Magn Reson 7:459-464.

Bove CM, Yang Z, Gilson WD, Epstein FH, French BA, Berr SS, Bishop SP,
Matsubara H, Carey RM, and Kramer CM (2004) Nitric oxide mediates benefits
of angiotensin II type 2 receptor overexpression during post-infarct remodeling.
Hypertension 43:680—685.

Bozgeyik I, Yumrutas O, and Bozgeyik E (2017) MTUSI1, a gene encoding
angiotensin-II type 2 (AT2) receptor-interacting proteins, in health and disease,
with special emphasis on its role in carcinogenesis. Gene 626:54—63.

Brassard P, Amiri F, and Schiffrin EL (2005) Combined angiotensin II type 1 and
type 2 receptor blockade on vascular remodeling and matrix metalloproteinases
in resistance arteries. Hypertension 46:598—606.

Braszko JJ, Kupryszewski G, Witczuk B, and Wisniewski K (1988) Angiotensin II-
(3-8)-hexapeptide affects motor activity, performance of passive avoidance and a
conditioned avoidance response in rats. Neuroscience 27:777-783.

Breault L, Lehoux JG, and Gallo-Payet N (1996) Angiotensin II receptors in the
human adrenal gland. Endocr Res 22:355-361.

Brede M, Hadamek K, Meinel L, Wiesmann F, Peters J, Engelhardt S, Simm A,
Haase A, Lohse MJ, and Hein L (2001) Vascular hypertrophy and increased
P70S6 kinase in mice lacking the angiotensin II AT(2) receptor. Circulation
104:2602-2607.

Brede M, Roell W, Ritter O, Wiesmann F, Jahns R, Haase A, Fleischmann BK, and
Hein L (2003) Cardiac hypertrophy is associated with decreased eNOS expression in
angiotensin AT2 receptor-deficient mice. Hypertension 42:1177-1182.

Brink M, Erne P, de Gasparo M, Rogg H, Schmid A, Stulz P, and Bullock G (1996)
Localization of the angiotensin II receptor subtypes in the human atrium. J Mol
Cell Cardiol 28:1789-1799.

Brouwers S, Smolders I, Massie A, and Dupont AG (2013) Angiotensin II type 2
receptor-mediated and nitric oxide-dependent renal vasodilator response to
compound 21 unmasked by angiotensin-converting enzyme inhibition in
spontaneously hypertensive rats in vivo. Hypertension 62:920-926.

Brouwers S, Smolders I, Wainford RD, and Dupont AG (2015) Hypotensive and
sympathoinhibitory responses to selective central AT2 receptor stimulation in
spontaneously hypertensive rats. Clin Sci (Lond) 129:81-92.

Brown KK, Flaherty KR, Cottin V, Raghu G, Inoue Y, Azuma A, Huggins JT,
Richeldi L, Stowasser S, Stansen W, et al. (2019) Lung function outcomes in the
INPULSIS® trials of nintedanib in idiopathic pulmonary fibrosis. Respir Med
146:42-48.



1120

Brown RD, Hilliard LM, Head GA, Jones ES, Widdop RE, and Denton KM (2012)
Sex differences in the pressor and tubuloglomerular feedback response to
angiotensin II. Hypertension 59:129-135.

Bruce E, Shenoy V, Rathinasabapathy A, Espejo A, Horowitz A, Oswalt A, Francis
J, Nair A, Unger T, Raizada MK, et al. (2015) Selective activation of angiotensin
AT2 receptors attenuates progression of pulmonary hypertension and inhibits
cardiopulmonary fibrosis. Br J Pharmacol 172:2219-2231.

Buisson B, Laflamme L, Bottari SP, de Gasparo M, Gallo-Payet N, and Payet MD
(1995) A G protein is involved in the angiotensin AT2 receptor inhibition of the
T-type calcium current in non-differentiated NG108-15 cells. J Biol Chem
270:1670-1674.

Bullock GR, Steyaert I, Bilbe G, Carey RM, Kips J, De Paepe B, Pauwels R, Praet
M, Siragy HM, and de Gasparo M (2001) Distribution of type-1 and type-2
angiotensin receptors in the normal human lung and in lungs from patients with
chronic obstructive pulmonary disease. Histochem Cell Biol 115:117-124.

Burrell JH and Lumbers ER (1997) Angiotensin receptor subtypes in the uterine
artery during ovine pregnancy. Eur J Pharmacol 330:257-267.

Buscail L, Delesque N, Esteve JP, Saint-Laurent N, Prats H, Clerc P, Robberecht P,
Bell GI, Liebow C, Schally AV, et al. (1994) Stimulation of tyrosine phosphatase
and inhibition of cell proliferation by somatostatin analogues: mediation by
human somatostatin receptor subtypes SSTR1 and SSTR2. Proc Natl Acad Sci
USA 91:2315-2319.

Busche S, Gallinat S, Bohle RM, Reinecke A, Seebeck J, Franke F, Fink L, Zhu M,
Sumners C, and Unger T (2000) Expression of angiotensin AT(1) and AT(2)
receptors in adult rat cardiomyocytes after myocardial infarction. A single-cell
reverse transcriptase-polymerase chain reaction study. Am JJ Pathol 157:605-611.

Caillon A, Grenier C, Grimaud L, Vessieres E, Guihot A-L, Blanchard S, Lelievre
E, Chabbert M, Foucher ED, Jeannin P, et al. (2016) The angiotensin II type 2
receptor activates flow-mediated outward remodelling through T cells-dependent
interleukin-17 production. Cardiovasc Res 112:515-525.

Cao Z, Dean R, Wu L, Casley D, and Cooper ME (1999) Role of angiotensin receptor
subtypes in mesenteric vascular proliferation and hypertrophy. Hypertension
34:408-414.

Carey RM (2005) Cardiovascular and renal regulation by the angiotensin type 2
receptor: the AT2 receptor comes of age. Hypertension 45:840-844.

Carey RM (2013) The intrarenal renin-angiotensin and dopaminergic systems:
control of renal sodium excretion and blood pressure. Hypertension 61:673—-680.
Carey RM (2017a) Blood pressure and the renal actions of AT, receptors. Curr

Hypertens Rep 19:21.

Carey RM (2017b) Update on angiotensin AT2 receptors. Curr Opin Nephrol
Hypertens 26:91-96.

Carey RM, Howell NL, Jin XH, and Siragy HM (2001) Angiotensin type 2 receptor-
mediated hypotension in angiotensin type-1 receptor-blocked rats. Hypertension
38:1272-1277.

Caruso-Neves C, Kwon S-H, and Guggino WB (2005) Albumin endocytosis in
proximal tubule cells is modulated by angiotensin II through an AT2 receptor-
mediated protein kinase B activation. Proc Natl Acad Sci USA 102:17513-17518.

Casselbrant A, Malinauskas M, Marschall H-U, Wallenius V, and Fandriks L
(2015) Angiotensin II exerts dual actions on sodium-glucose transporter 1-
mediated transport in the human jejunal mucosa. Scand J Gastroenterol
50:1068-1075.

Castoldi G, Carletti R, Ippolito S, Stella A, Zerbini G, Pelucchi S, Zatti G, and di Gioia
CRT (2021) Angiotensin type 2 and Mas receptor activation prevents myocardial
fibrosis and hypertrophy through the reduction of inflammatory cell infiltration and
local sympathetic activity in angiotensin II-dependent hypertension. Int J Mol Sci
22:13678.

Castoldi G, di Gioia CRT, Bombardi C, Maestroni S, Carletti R, Steckelings UM,
Dahlof B, Unger T, Zerbini G, and Stella A (2014) Prevention of diabetic
nephropathy by compound 21, selective agonist of angiotensin type 2 receptors,
in Zucker diabetic fatty rats. Am JJ Physiol Renal Physiol 307:F1123-F1131.

Castoldi G, di Gioia CRT, Carletti R, Roma F, Zerbini G, and Stella A (2016)
Angiotensin type-2 (AT-2)-receptor activation reduces renal fibrosis in cyclosporine
nephropathy: evidence for blood pressure independent effect. Biosci Rep 36:¢00403.

Castoldi G, di Gioia CRT, Roma F, Carletti R, Manzoni G, Stella A, Zerbini G, and
Perseghin G (2019) Activation of angiotensin type 2 (AT2) receptors prevents
myocardial hypertrophy in Zucker diabetic fatty rats. Acta Diabetol 56:97-104.

Castro CH, Santos RA, Ferreira AJ, Bader M, Alenina N, and Almeida AP (2005)
Evidence for a functional interaction of the angiotensin-(1-7) receptor Mas with
AT1 and AT2 receptors in the mouse heart. Hypertension 46:937-942.

Cervenka L, Vaneckova I, Huskova Z, Vanourkova Z, Erbanova M, Thumova M,
Skaroupkova P, Opocensky M, Maly J, Chabova VC, et al. (2008) Pivotal role of
angiotensin II receptor subtype 1A in the development of two-kidney, one-clip
hypertension: study in angiotensin II receptor subtype 1A knockout mice. J
Hypertens 26:1379-1389.

Chai W, Wang W, Dong Z, Cao W, and Liu Z (2011) Angiotensin II receptors
modulate muscle microvascular and metabolic responses to insulin in vivo.
Diabetes 60:2939—-2946.

Chai W, Wang W, Liu J, Barrett EJ, Carey RM, Cao W, and Liu Z (2010)
Angiotensin II type 1 and type 2 receptors regulate basal skeletal muscle
microvascular volume and glucose use. Hypertension 55:523-530.

Chakrabarty A, Liao Z, and Smith PG (2013) Angiotensin II receptor type 2 activation
is required for cutaneous sensory hyperinnervation and hypersensitivity in a rat
hind paw model of inflammatory pain. J Pain 14:1053-1065.

Chamoux E, Breault L, Lehoux JG, and Gallo-Payet N (1999) Involvement of the
angiotensin II type 2 receptor in apoptosis during human fetal adrenal gland
development. JJ Clin Endocrinol Metab 84:4722—-4730.

Chang RS and Lotti VJ (1990) Two distinct angiotensin II receptor binding sites in
rat adrenal revealed by new selective nonpeptide ligands. Mol Pharmacol
37:347-351.

Steckelings et al.

Chang RS and Lotti VJ (1991) Angiotensin receptor subtypes in rat, rabbit and
monkey tissues: relative distribution and species dependency. Life Sci
49:1485-1490.

Chang RS, Lotti VJ, Chen TB, and Faust KA (1990) Two angiotensin II binding
sites in rat brain revealed using [125I]Sarl, Ile8-angiotensin II and selective
nonpeptide antagonists. Biochem Biophys Res Commun 171:813-817.

Chang S-Y, Chen Y-W, Chenier I, Tran SleM, and Zhang S-L (2011) Angiotensin II
type II receptor deficiency accelerates the development of nephropathy in type I
diabetes via oxidative stress and ACE2. Exp Diabetes Res 2011:521076.

Chao J, Gao J, Parbhu K-JK, and Gao L (2013) Angiotensin type 2 receptors in the
intermediolateral cell column of the spinal cord: negative regulation of
sympathetic nerve activity and blood pressure. Int J Cardiol 168:4046—4055.

Chappell MC, Diz DI, and Gallagher PE (2001) The renin-angiotensin system and
the exocrine pancreas. JOP 2:33-39.

Chappell MC, Jacobsen DW, and Tallant EA (1995) Characterization of angiotensin
IT receptor subtypes in pancreatic acinar AR42J cells. Peptides 16:741-747.

Chassagne C, Beatty BG, and Meloche S (1995) Assignment of the human
angiotensin II type 2 receptor gene (AGTR2) to chromosome Xq22-q23 by
fluorescence in situ hybridization. Genomics 25:601-603.

Chassagne C, Eddahibi S, Adamy C, Rideau D, Marotte F, Dubois-Randé JL, Adnot S,
Samuel JL, and Teiger E (2000) Modulation of angiotensin II receptor expression
during development and regression of hypoxic pulmonary hypertension. Am o
Respir Cell Mol Biol 22:323-332.

Chisholm J, Gareau AJ, Byun S, Paletz JL, Tang D, Williams J, LeVatte T, and
Bezuhly M (2017) Effect of compound 21, a selective angiotensin II type 2
receptor agonist, in a murine xenograft model of Dupuytren disease. Plast
Reconstr Surg 140:686e—696e.

Chiu AT, Herblin WF, McCall DE, Ardecky RJ, Carini DJ, Duncia JV, Pease LdJ,
Wong PC, Wexler RR, Johnson AL, et al. (1989) Identification of angiotensin II
receptor subtypes. Biochem Biophys Res Commun 165:196-203.

Choi HM, Doss HM, and Kim KS (2020) Multifaceted physiological roles of
adiponectin in inflammation and diseases. Int J Mol Sci 21:E1219.

Chow BSM, Kocan M, Bosnyak S, Sarwar M, Wigg B, Jones ES, Widdop RE,
Summers RJ, Bathgate RAD, Hewitson TD, et al. (2014) Relaxin requires the
angiotensin II type 2 receptor to abrogate renal interstitial fibrosis. Kidney Int
86:75-85.

Chow BSM, Kocan M, Shen M, Wang Y, Han L, Chew JY, Wang C, Bosnyak S,
Mirabito-Colafella KM, Barsha G, et al. (2019) AT1R-AT2R-RXFP1 functional
crosstalk in myofibroblasts: impact on the therapeutic targeting of renal and
cardiac fibrosis. J Am Soc Nephrol 30:2191-2207.

Chow BSM, Koulis C, Krishnaswamy P, Steckelings UM, Unger T, Cooper ME,
Jandeleit-Dahm KA, and Allen TJ (2016) The angiotensin II type 2 receptor
agonist Compound 21 is protective in experimental diabetes-associated
atherosclerosis. Diabetologia 59:1778-1790.

Clark MG (2008) Impaired microvascular perfusion: a consequence of vascular
dysfunction and a potential cause of insulin resistance in muscle. Am J Physiol
Endocrinol Metab 295:E732-E750.

Connolly A, Leblanc S, and Baillargeon J-P (2018) Role of lipotoxicity and
contribution of the renin-angiotensin system in the development of polycystic
ovary syndrome. Int¢ J Endocrinol 2018:4315413.

Cook VI, Grove KL, McMenamin KM, Carter MR, Harding JW, and Speth RC
(1991) The AT2 angiotensin receptor subtype predominates in the 18 day
gestation fetal rat brain. Brain Res 560:334—-336.

Cosentino F, Savoia C, De Paolis P, Francia P, Russo A, Maffei A, Venturelli V,
Schiavoni M, Lembo G, and Volpe M (2005) Angiotensin II type 2 receptors
contribute to vascular responses in spontaneously hypertensive rats treated with
angiotensin II type 1 receptor antagonists. Am J Hypertens 18:493—-499.

Cox BE, Liu X-T, Fluharty SJ, and Rosenfeld CR (2005) Vessel-specific regulation
of angiotensin II receptor subtypes during ovine development. Pediatr Res
57:124-132.

Cox BE, Word RA, and Rosenfeld CR (1996) Angiotensin II receptor characteristics
and subtype expression in uterine arteries and myometrium during pregnancy. J/
Clin Endocrinol Metab 81:49-58.

Criscione L, Thomann H, Whitebread S, de Gasparo M, Bihlmayer P, Herold P,
Ostermayer F, and Kamber B (1990) Binding characteristics and vascular effects
of various angiotensin II antagonists. J Cardiovasc Pharmacol 16 (Suppl
4):856-S59.

Cui T, Nakagami H, Iwai M, Takeda Y, Shiuchi T, Daviet L, Nahmias C, and
Horiuchi M (2001) Pivotal role of tyrosine phosphatase SHP-1 in AT2 receptor-
mediated apoptosis in rat fetal vascular smooth muscle cell. Cardiovasc Res
49:863-871.

Curato C, Slavic S, Dong J, Skorska A, Altarche-Xifr6 W, Miteva K, Kaschina E,
Thiel A, Imboden H, Wang J, et al. (2010) Identification of noncytotoxic and IL-
10-producing CD8+AT2R+ T cell population in response to ischemic heart injury.
J Immunol 185:6286-6293.

da Silva Novaes A, Ribeiro RS, Pereira LG, Borges FT, and Boim MA (2018)
Intracrine action of angiotensin II in mesangial cells: subcellular distribution of
angiotensin II receptor subtypes AT; and ATs. Mol Cell Biochem 448:265-274.

D’Agati VD, Kaskel FJ, and Falk RJ (2011) Focal segmental glomerulosclerosis. N
Engl J Med 365:2398-2411.

Dai S-Y, Peng W, Zhang Y-P, Li J-D, Shen Y, and Sun X-F (2015) Brain endogenous
angiotensin II receptor type 2 (AT2-R) protects against DOCA/salt-induced
hypertension in female rats. J Neuroinflammation 12:47.

Dai S-Y, Zhang Y-P, Peng W, Shen Y, and He J-J (2016) Central infusion of
angiotensin II type 2 receptor agonist compound 21 attenuates DOCA/NaCl-
induced hypertension in female rats. Oxid Med Cell Longev 2016:3981790.

Dai WJ, Funk A, Herdegen T, Unger T, and Culman J (1999) Blockade of central
angiotensin AT(1) receptors improves neurological outcome and reduces
expression of AP-1 transcription factors after focal brain ischemia in rats. Stroke
30:2391-2398, discussion 2398-2399.



Angiotensin ATy Receptor: A Novel Therapeutic Target

D’Amore A, Black MJ, and Thomas WG (2005) The angiotensin II type 2 receptor
causes constitutive growth of cardiomyocytes and does not antagonize angiotensin II
type 1 receptor-mediated hypertrophy. Hypertension 46:1347-1354.

Dandapat A, Hu CP, Chen J, Liu Y, Khan JA, Remeo F, Carey RM, Hermonat PL,
and Mehta JL (2008) Over-expression of angiotensin II type 2 receptor (agtr2)
decreases collagen accumulation in atherosclerotic plaque. Biochem Biophys Res
Commun 366:871-877.

Danigo A, Rovini A, Bessaguet F, Bouchenaki H, Bernard A, Sturtz F,
Bourthoumieu S, Desmouliere A, Magy L, and Demiot C (2021) The angiotensin
II type 2 receptor, a target for protection and regeneration of the peripheral
nervous system? Pharmaceuticals (Basel) 14:175.

Danser AH, van Kats JP, Admiraal PJ, Derkx FH, Lamers JM, Verdouw PD,
Saxena PR, and Schalekamp MA (1994) Cardiac renin and angiotensins. Uptake
from plasma versus in situ synthesis. Hypertension 24:37-48.

Dao VT-V, Medini S, Bisha M, Balz V, Suvorava T, Bas M, and Kojda G (2016)
Nitric oxide up-regulates endothelial expression of angiotensin II type 2
receptors. Biochem Pharmacol 112:24-36.

Daud AI, Bumpus FM, and Husain A (1988) Evidence for selective expression of
angiotensin II receptors on atretic follicles in the rat ovary: an autoradiographic
study. Endocrinology 122:2727-2734.

Daugherty A and Cassis L (2004) Angiotensin II-mediated development of vascular
diseases. Trends Cardiovasc Med 14:117-120.

Daugherty A, Manning MW, and Cassis LA (2001) Antagonism of AT2 receptors
augments angiotensin II-induced abdominal aortic aneurysms and atherosclerosis.
Br J Pharmacol 134:865-870.

Daugherty A, Rateri DL, Howatt DA, Charnigo R, and Cassis LA (2013) PD123319
augments angiotensin II-induced abdominal aortic aneurysms through an AT2
receptor-independent mechanism. PLoS One 8:¢61849.

Daugherty A, Rateri DL, Lu H, Inagami T, and Cassis LA (2004) Hypercholesterolemia
stimulates angiotensin peptide synthesis and contributes to atherosclerosis through
the AT1A receptor. Circulation 110:3849-3857.

Daviet L, Lehtonen JY, Hayashida W, Dzau VJ, and Horiuchi M (2001)
Intracellular third loops in AT1 and AT2 receptors determine subtype specificity.
Life Sci 69:509-516.

de Gasparo M, Catt KJ, Inagami T, Wright JW, and Unger T (2000) International
union of pharmacology. XXIII. The angiotensin II receptors. Pharmacol Rev
52:415-472.

de Kloet AD, Pitra S, Wang L, Hiller H, Pioquinto DdJ, Smith JA, Sumners C, Stern
JE, and Krause EG (2016a) Angiotensin type-2 receptors influence the activity of
vasopressin neurons in the paraventricular nucleus of the hypothalamus in male
mice. Endocrinology 157:3167-3180.

de Kloet AD, Wang L, Ludin JA, Smith JA, Pioquinto DJ, Hiller H, Steckelings
UM, Scheuer DA, Sumners C, and Krause EG (2016b) Reporter mouse strain
provides a novel look at angiotensin type-2 receptor distribution in the central
nervous system. Brain Struct Funct 221:891-912.

De Souza AM, Lopes AG, Pizzino CP, Fossari RN, Miguel NCO, Cardozo FP, Abi-
Abib R, Fernandes MS, Santos DPA, and Caruso-Neves C (2004) Angiotensin II
and angiotensin-(1-7) inhibit the inner cortex Na+ -ATPase activity through AT2
receptor. Regul Pept 120:167-175.

De Vos AF, Hoekzema R, and Kijlstra A (1992) Cytokines and uveitis, a review.
Curr Eye Res 11:581-597.

Deb P, Sharma S, and Hassan KM (2010) Pathophysiologic mechanisms of acute
ischemic stroke: an overview with emphasis on therapeutic significance beyond
thrombolysis. Pathophysiology 17:197-218.

Del Borgo M, Wang Y, Bosnyak S, Khan M, Walters P, Spizzo I, Perlmutter P,
Hilliard L, Denton K, Aguilar M-I, et al. (2015) f-Pro7Ang III is a novel highly
selective angiotensin II type 2 receptor (AT2R) agonist, which acts as a
vasodepressor agent via the AT2R in conscious spontaneously hypertensive rats.
Clin Sci (Lond) 129:505-513.

Delles C, Erdmann J, Jacobi J, Fleck E, Regitz-Zagrosek V, and Schmieder RE (2000)
Lack of association between polymorphisms of angiotensin II receptor genes and
response to short-term angiotensin II infusion. J Hypertens 18:1573-1578.

Dendrou CA, Fugger L, and Friese MA (2015) Immunopathology of multiple
sclerosis. Nat Rev Immunol 15:545-558.

Dhande I, Ali Q, and Hussain T (2013) Proximal tubule angiotensin AT2 receptors
mediate an anti-inflammatory response via interleukin-10: role in renoprotection
in obese rats. Hypertension 61:1218-1226.

Di Benedetto M, Bieche I, Deshayes F, Vacher S, Nouet S, Collura V, Seitz I, Louis
S, Pineau P, Amsellem-Ouazana D, et al. (2006) Structural organization and
expression of human MTUSI, a candidate 8p22 tumor suppressor gene encoding
a family of angiotensin II AT2 receptor-interacting proteins, ATIP. Gene
380:127-136.

Dias J, Ferrao FM, Axelband F, Carmona AK, Lara LS, and Vieyra A (2014) ANG-
(3-4) inhibits renal Na+-ATPase in hypertensive rats through a mechanism that
involves dissociation of ANG II receptors, heterodimers, and PKA. Am J Physiol
Renal Physiol 306:F855-F863.

Doi C, Egashira N, Kawabata A, Maurya DK, Ohta N, Uppalapati D, Ayuzawa R,
Pickel L, Isayama Y, Troyer D, et al. (2010) Angiotensin II type 2 receptor
signaling significantly attenuates growth of murine pancreatic carcinoma grafts
in syngeneic mice. BMC Cancer 10:67.

Dominici FP, Veiras LC, Shen JZY, Bernstein EA, Quiroga DT, Steckelings UM,
Bernstein KE, and Giani JF (2020) Activation of AT, receptors prevents diabetic
complications in female db/db mice by NO-mediated mechanisms. Br J
Pharmacol 177:4766-4781.

Dopona EPB, Rocha VF, Furukawa LNS, Oliveira IB, and Heimann JC (2019)
Myocardial hypertrophy induced by high salt consumption is prevented by
angiotensin II AT2 receptor agonist. Nutr Metab Cardiovasc Dis 29:301-305.

Downie LE, Vessey K, Miller A, Ward MM, Pianta MJ, Vingrys AJ, Wilkinson-
Berka JL, and Fletcher EL (2009) Neuronal and glial cell expression of

1121

angiotensin II type 1 (AT1) and type 2 (AT2) receptors in the rat retina.
Neuroscience 161:195-213.

Dudley DT, Hubbell SE, and Summerfelt RM (1991) Characterization of
angiotensin II (AT2) binding sites in R3T3 cells. Mol Pharmacol 40:360-367.

Dudley DT, Panek RL, Major TC, Lu GH, Bruns RF, Klinkefus BA, Hodges JC, and
Weishaar RE (1990) Subclasses of angiotensin II binding sites and their
functional significance. Mol Pharmacol 38:370-377.

Dudley DT and Summerfelt RM (1993) Regulated expression of angiotensin II
(AT2) binding sites in R3T3 cells. Regul Pept 44:199-206.

Dunaway LS and Pollock JS (2022) HDAC1: an environmental sensor regulating
endothelial function. Cardiovasc Res 118:1885-1903.

Eichhorn PJA, Creyghton MP, and Bernards R (2009) Protein phosphatase 2A
regulatory subunits and cancer. Biochim Biophys Acta 1795:1-15.

Eisener-Dorman AF, Lawrence DA, and Bolivar VJ (2009) Cautionary insights on
knockout mouse studies: the gene or not the gene? Brain Behav Immun 23:318-324.

Eldahshan W, Ishrat T, Pillai B, Sayed MA, Alwhaibi A, Fouda AY, Ergul A, and
Fagan SC (2019) Angiotensin II type 2 receptor stimulation with compound 21
improves neurological function after stroke in female rats: a pilot study. Am J
Physiol Heart Circ Physiol 316:H1192-H1201.

Eldahshan W, Sayed MA, Awad ME, Ahmed HA, Gillis E, Althomali W, Pillai B,
Alshammari A, Jackson L, Dong G, et al. (2021) Stimulation of angiotensin II
receptor 2 preserves cognitive function and is associated with an enhanced
cerebral vascular density after stroke. Vascul Pharmacol 141:106904.

Elsaafien K, de Kloet AD, Krause EG, and Sumners C (2020) Brain angiotensin
type-1 and type-2 receptors in physiological and hypertensive conditions: focus
on neuroinflammation. Curr Hypertens Rep 22:48.

Erdmann J, Dahmlow S, Guse M, Hetzer R, and Regitz-Zagrosek V (2004) The
assertion that a G21V mutation in AGTR2 causes mental retardation is not
supported by other studies. Hum Genet 114:396—author reply 397.

Erdos EG, Jackman HL, Brovkovych V, Tan F, and Deddish PA (2002) Products of
angiotensin I hydrolysis by human cardiac enzymes potentiate bradykinin. J Mol
Cell Cardiol 34:1569-1576.

Escriba PV, Wedegaertner PB, Goni FM, and Vogler O (2007) Lipid-protein
interactions in GPCR-associated signaling. Biochim Biophys Acta 1768:836-852.
Ewert S, Johansson B, Holm M, Helander HF, and Fandriks L (2003a) The
bradykinin BK2 receptor mediates angiotensin II receptor type 2 stimulated rat

duodenal mucosal alkaline secretion. BMC Physiol 3:1.

Ewert S, Laesser M, Johansson B, Holm M, Aneman A, and Fandriks L (2003b)
The angiotensin II receptor type 2 agonist CGP 42112A stimulates NO
production in the porcine jejunal mucosa. BMC Pharmacol 3:2.

Faghih M, Hosseini SM, Smith B, Ansari AM, Lay F, Ahmed AK, Inagami T, Marti
GP, Harmon JW, Walston JD, et al. (2015) Knockout of angiotensin AT2 receptors
accelerates healing but impairs quality. Aging (Albany NY) 7:1185-1197.

Falcon BL, Stewart JM, Bourassa E, Katovich MdJ, Walter G, Speth RC, Sumners
C, and Raizada MK (2004) Angiotensin II type 2 receptor gene transfer elicits
cardioprotective effects in an angiotensin II infusion rat model of hypertension.
Physiol Genomics 19:255-261.

Farran B (2017) An update on the physiological and therapeutic relevance of GPCR
oligomers. Pharmacol Res 117:303-327.

Fatima N, Patel SN, and Hussain T (2021) Angiotensin II type 2 receptor: a target
for protection against hypertension, metabolic dysfunction, and organ
remodeling. Hypertension 77:1845-1856.

Fattah C, Nather K, McCarroll CS, Hortigon-Vinagre MP, Zamora V, Flores-Munoz
M, McArthur L, Zentilin L, Giacca M, Touyz RM, et al. (2016) Gene therapy with
angiotensin-(1-9) preserves left ventricular systolic function after myocardial
infarction. J Am Coll Cardiol 68:2652—2666.

Faure S, Bureau A, Oudart N, Javellaud J, Fournier A, and Achard J-M (2008)
Protective effect of candesartan in experimental ischemic stroke in the rat
mediated by AT2 and AT4 receptors. J Hypertens 26:2008-2015.

Feng Y-H, Sun Y, and Douglas JG (2002) Gbeta gamma -independent constitutive
association of Galpha s with SHP-1 and angiotensin II receptor AT2 is essential
in AT2-mediated ITIM-independent activation of SHP-1. Proc Natl Acad Sci USA
99:12049-12054.

Ferrao FM, Cardoso LHD, Drummond HA, Li XC, Zhuo JL, Gomes DS, Lara LS,
Vieyra A, and Lowe J (2017) Luminal ANG II is internalized as a complex with
AT R/AT3R heterodimers to target endoplasmic reticulum in LLC-PK; cells. Am
JJ Physiol Renal Physiol 313:F440-F449.

Ferrao FM, Lara LS, Axelband F, Dias J, Carmona AK, Reis RI, Costa-Neto CM,
Vieyra A, and Lowe J (2012) Exposure of luminal membranes of LLC-PK1 cells
to ANG II induces dimerization of AT1/AT2 receptors to activate SERCA and to
promote Ca2+ mobilization. Am J Physiol Renal Physiol 302:F875-F883.

Ferreira-Duarte M, Rodrigues-Pinto T, Sousa T, Faria MA, Rocha MS, Menezes-
Pinto D, Esteves-Monteiro M, Magro F, Dias-Pereira P, Duarte-Aradjo M, et al.
(2021) Interaction between the renin-angiotensin system and enteric
neurotransmission contributes to colonic dysmotility in the TNBS-induced model
of colitis. Int J Mol Sci 22:4836.

Feuillan PP, Millan MA, and Aguilera G (1993) Angiotensin II binding sites in the
rat fetus: characterization of receptor subtypes and interaction with guanyl
nucleotides. Regul Pept 44:159-169.

Fillion D, Cabana J, Guillemette G, Leduc R, Lavigne P, and Escher E (2013)
Structure of the human angiotensin II type 1 (AT1) receptor bound to
angiotensin II from multiple chemoselective photoprobe contacts reveals a
unique peptide binding mode. J Biol Chem 288:8187-8197.

Fine LG, Orphanides C, and Norman JT (1998) Progressive renal disease: the
chronic hypoxia hypothesis. Kidney Int Suppl 65:S74-S78.

Fischer TA, Singh K, O’'Hara DS, Kaye DM, and Kelly RA (1998) Role of AT1 and
AT?2 receptors in regulation of MAPKs and MKP-1 by ANG II in adult cardiac
myocytes. Am J Physiol 275:H906-H916.



1122

Fletcher EL, Phipps JA, Ward MM, Vessey KA, and Wilkinson-Berka JL (2010) The
renin-angiotensin system in retinal health and disease: its influence on neurons,
glia and the vasculature. Prog Retin Eye Res 29:284-311.

Flores-Munoz M, Smith NJ, Haggerty C, Milligan G, and Nicklin SA (2011)
Angiotensinl-9 antagonises pro-hypertrophic signalling in cardiomyocytes via
the angiotensin type 2 receptor. J Physiol 589:939-951.

Flores-Munoz M, Work LM, Douglas K, Denby L, Dominiczak AF, Graham D, and
Nicklin SA (2012) Angiotensin-(1-9) attenuates cardiac fibrosis in the stroke-
prone spontaneously hypertensive rat via the angiotensin type 2 receptor.
Hypertension 59:300-307.

Forrester SJ, Booz GW, Sigmund CD, Coffman TM, Kawai T, Rizzo V, Scalia R, and
Eguchi S (2018) Angiotensin II signal transduction: an update on mechanisms of
physiology and pathophysiology. Physiol Rev 98:1627—-1738.

Fouda AY, Pillai B, Dhandapani KM, Ergul A, and Fagan SC (2017) Role of
interleukin-10 in the neuroprotective effect of the angiotensin type 2 receptor
agonist, compound 21, after ischemia/reperfusion injury. Eur J Pharmacol
799:128-134.

Fournier D, Luft FC, Bader M, Ganten D, and Andrade-Navarro MA (2012)
Emergence and evolution of the renin-angiotensin-aldosterone system. J Mol
Med (Berl) 90:495-508.

Freeman AM and Pennings N (2021) Insulin Resistance, in StatPearls, StatPearls
Publishing, Treasure Island, FL.

Fritz RD and Radziwill G (2005) The scaffold protein CNK1 interacts with the
angiotensin II type 2 receptor. Biochem Biophys Res Commun 338:1906-1912.

Funke-Kaiser H, Reinemund J, Steckelings UM, and Unger T (2010) Adapter
proteins and promoter regulation of the angiotensin AT2 receptor—implications
for cardiac pathophysiology. J Renin Angiotensin Aldosterone Syst 11:7-17.

Gallego-Delgado J, Basu-Roy U, Ty M, Alique M, Fernandez-Arias C, Movila A,
Gomes P, Weinstock A, Xu W, Edagha I, et al. (2016) Angiotensin receptors and
f-catenin regulate brain endothelial integrity in malaria. J Clin Invest
126:4016-4029.

Gallinat S, Busche S, Raizada MK, and Sumners C (2000) The angiotensin II type
2 receptor: an enigma with multiple variations. Am J Physiol Endocrinol Metab
278:E357-E374.

Gallinat S, Yu M, Dorst A, Unger T, and Herdegen T (1998) Sciatic nerve
transection evokes lasting up-regulation of angiotensin AT2 and AT1 receptor
mRNA in adult rat dorsal root ganglia and sciatic nerves. Brain Res Mol Brain
Res 57:111-122.

Gant NF, Daley GL, Chand S, Whalley PJ, and MacDonald PC (1973) A study of
angiotensin II pressor response throughout primigravid pregnancy. J Clin Invest
52:2682-2689.

Gao J, Zhang H, Le KD, Chao J, and Gao L (2011) Activation of central angiotensin
type 2 receptors suppresses norepinephrine excretion and blood pressure in
conscious rats. Am J Hypertens 24:724-730.

Gao L, Wang W, Wang W, Li H, Sumners C, and Zucker IH (2008a) Effects of
angiotensin type 2 receptor overexpression in the rostral ventrolateral medulla
on blood pressure and urine excretion in normal rats. Hypertension 51:521-5217.

Gao L, Wang W-Z, Wang W, and Zucker IH (2008b) Imbalance of angiotensin type 1
receptor and angiotensin II type 2 receptor in the rostral ventrolateral medulla:
potential mechanism for sympathetic overactivity in heart failure. Hypertension
52:708-714.

Garcia-Nafria J and Tate CG (2019) Cryo-EM structures of GPCRs coupled to G,
G; and G,. Mol Cell Endocrinol 488:1-13.

Garcia-Villalba P, Denkers ND, Wittwer CT, Hoff C, Nelson RD, and Mauch TJ
(2003) Real-time PCR quantification of AT1 and AT2 angiotensin receptor mRNA
expression in the developing rat kidney. Nephron, Exp Nephrol 94:e154—e159.

Gavini MP, Mahmood A, Belenchia AM, Beauparlant P, Kumar SA, Ardhanari S,
DeMarco VG, and Pulakat L (2021) Suppression of inflammatory cardiac
cytokine network in rats with untreated obesity and pre-diabetes by AT2
receptor agonist NP-6A4. Front Pharmacol 12:693167.

GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators (2019)
Global, regional, and national burden of traumatic brain injury and spinal cord
injury, 1990-2016: a systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol 18:56-87.

Gehlert DR, Gackenheimer SL, and Schober DA (1991) Autoradiographic
localization of subtypes of angiotensin II antagonist binding in the rat brain.
Neuroscience 44:501-514.

Gelosa P, Pignieri A, Fandriks L, de Gasparo M, Hallberg A, Banfi C, Castiglioni L,
Turolo L, Guerrini U, Tremoli E, et al. (2009) Stimulation of AT2 receptor exerts
beneficial effects in stroke-prone rats: focus on renal damage. J Hypertens
27:2444-2451.

Gendron L, Coté F, Payet MD, and Gallo-Payet N (2002) Nitric oxide and cyclic
GMP are involved in angiotensin II AT(2) receptor effects on neurite outgrowth
in NG108-15 cells. Neuroendocrinology 75:70-81.

Georgieva D and Georgiev V (1999) The role of angiotensin II and of its receptor
subtypes in the acetic acid-induced abdominal constriction test. Pharmacol
Biochem Behav 62:229-232.

Georgsson J, Rosenstrom U, Wallinder C, Beaudry H, Plouffe B, Lindeberg G,
Botros M, Nyberg F, Karlén A, Gallo-Payet N, et al. (2006) Short pseudopeptides
containing turn scaffolds with high AT2 receptor affinity. Bioorg Med Chem
14:5963-5972.

Georgsson J, Skold C, Botros M, Lindeberg G, Nyberg F, Karlén A, Hallberg A, and
Larhed M (2007) Synthesis of a new class of druglike angiotensin II C-terminal
mimics with affinity for the AT2 receptor. J Med Chem 50:1711-1715.

Georgsson J, Skold C, Plouffe B, Lindeberg G, Botros M, Larhed M, Nyberg F,
Gallo-Payet N, Gogoll A, Karlén A, et al. (2005) Angiotensin II pseudopeptides
containing 1,3,5-trisubstituted benzene scaffolds with high AT2 receptor affinity.
J Med Chem 48:6620-6631.

Ghaben AL and Scherer PE (2019) Adipogenesis and metabolic health. Nat Rev
Mol Cell Biol 20:242-258.

Steckelings et al.

Gianella A, Nobili E, Abbate M, Zoja C, Gelosa P, Mussoni L, Bellosta S, Canavesi
M, Rottoli D, Guerrini U, et al. (2007) Rosuvastatin treatment prevents
progressive kidney inflammation and fibrosis in stroke-prone rats. Am J Pathol
170:1165-1177.

Gianzo M, Munoa-Hoyos I, Urizar-Arenaza I, Larreategui Z, Quintana F, Garrido
N, Subiran N, and Irazusta J (2016) Angiotensin II type 2 receptor is expressed
in human sperm cells and is involved in sperm motility. Fertil Steril
105:608-616.

Gildea JJ, Wang X, Shah N, Tran H, Spinosa M, Van Sciver R, Sasaki M, Yatabe dJ,
Carey RM, Jose PA, et al. (2012) Dopamine and angiotensin type 2 receptors
cooperatively inhibit sodium transport in human renal proximal tubule cells.
Hypertension 60:396—403.

Gildea JJ, Xu P, Kemp BA, Carey RM, Jose PA, and Felder RA (2019) The
dopamine D; receptor and angiotensin II type-2 receptor are required for
inhibition of sodium transport through a protein phosphatase 2A pathway.
Hypertension 73:1258-1265.

Glinka TW, de Laszlo SE, Tran J, Chang RS, Chen T-B, Lotti VJ, and Greenlee WJ
(1994) L-161,638: a potent AT2selective quinazolinone angiotensin II binding
inhibitor. Bioorg Med Chem Lett 4:1479-1484 DOI: 10.1016/S0960-894X(01)80517-5.

Goldfarb DA, Diz DI, Tubbs RR, Ferrario CM, and Novick AC (1994) Angiotensin IT
receptor subtypes in the human renal cortex and renal cell carcinoma. o Urol
151:208-213.

Gonzalez-Blazquez R, Alcald M, Cardenas-Rebollo JM, Viana M, Steckelings UM,
Boisvert WA, Unger T, Fernandez-Alfonso MS, Somoza B, and Gil-Ortega M
(2021a) AT2R stimulation with C21 prevents arterial stiffening and endothelial
dysfunction in the abdominal aorta from mice fed a high-fat diet. Clin Sci (Lond)
135:2763-2780.

Gonzalez-Blazquez R, Alcala M, Fernandez-Alfonso MS, Steckelings UM, Lorenzo
MP, Viana M, Boisvert WA, Unger T, Gil-Ortega M, and Somoza B (2021b) C21
preserves endothelial function in the thoracic aorta from DIO mice: role for AT2,
Mas and B2 receptors. Clin Sci (Lond) 185:1145-1163.

Gopalan G, Palo-Nieto C, Petersen NN, Hallberg M, and Larhed M (2022)
Angiotensin II AT2 receptor ligands with phenylthiazole scaffolds. Bioorg Med
Chem 65:116790.

Goru SK, Kadakol A, Malek V, Pandey A, Sharma N, and Gaikwad AB (2017)
Diminazene aceturate prevents nephropathy by increasing glomerular ACE2 and
AT, receptor expression in a rat model of typel diabetes. Br J Pharmacol
174:3118-3130.

Grady EF and Kalinyak JE (1993) Expression of AT2 receptors in rat fetal
subdermal cells. Regul Pept 44:171-180.

Grady EF, Sechi LA, Griffin CA, Schambelan M, and Kalinyak JE (1991)
Expression of AT2 receptors in the developing rat fetus. J Clin Invest
88:921-933.

Grammatopoulos TN, Ahmadi F, Jones SM, Fariss MW, Weyhenmeyer JA, and
Zawada WM (2005) Angiotensin II protects cultured midbrain dopaminergic
neurons against rotenone-induced cell death. Brain Res 1045:64—71.

Grammatopoulos TN, Johnson V, Moore SA, Andres R, and Weyhenmeyer JA
(2004) Angiotensin type 2 receptor neuroprotection against chemical hypoxia is
dependent on the delayed rectifier K+ channel, Na+/Ca2+ exchanger and Na+/
K+ ATPase in primary cortical cultures. Neurosci Res 50:299-306.

Grammatopoulos TN, Jones SM, Ahmadi FA, Hoover BR, Snell LD, Skoch J,
Jhaveri VV, Poczobutt AM, Weyhenmeyer JA, and Zawada WM (2007)
Angiotensin type 1 receptor antagonist losartan, reduces MPTP-induced
degeneration of dopaminergic neurons in substantia nigra. Mol Neurodegener
2:1.

Greenbaum D, Colangelo C, Williams K, and Gerstein M (2003) Comparing protein
abundance and mRNA expression levels on a genomic scale. Genome Biol 4:117.
Grone HJ, Simon M, and Fuchs E (1992) Autoradiographic characterization of
angiotensin receptor subtypes in fetal and adult human kidney. Am J Physiol

262:F326-F331.

Gross V, Obst M, Kiss E, Janke J, Mazak I, Shagdarsuren E, Miller DN,
Langenickel TH, Grone H-J, and Luft FC (2004) Cardiac hypertrophy and
fibrosis in chronic L-NAME-treated AT2 receptor-deficient mice. J Hypertens
22:997-1005.

Gross V, Schunck WH, Honeck H, Milia AF, Kargel E, Walther T, Bader M,
Inagami T, Schneider W, and Luft FC (2000) Inhibition of pressure natriuresis in
mice lacking the AT2 receptor. Kidney Int 57:191-202.

Grzybowska EA (2012) Human intronless genes: functional groups, associated
diseases, evolution, and mRNA processing in absence of splicing. Biochem
Biophys Res Commun 424:1-6.

Guimaraes-Nobre CC, Mendonca-Reis E, Passinho-da-Costa L, Miranda-Alves L,
and Clemilson Berto-Junior H (2021) Signaling pathway in the osmotic
resistance induced by angiotensin II AT2 receptor activation in human
erythrocytes. Rep Biochem Mol Biol 10:314-326.

Guimond M-O and Gallo-Payet N (2012) How does angiotensin AT(2) receptor
activation help neuronal differentiation and improve neuronal pathological
situations? Front Endocrinol (Lausanne) 3:164.

Guimond M-O, Hallberg M, Gallo-Payet N, and Wallinder C (2014) Saralasin and
sarile are AT2 receptor agonists. ACS Med Chem Lett 5:1129-1132.

Guimond M-O, Wallinder C, Alterman M, Hallberg A, and Gallo-Payet N (2013)
Comparative functional properties of two structurally similar selective nonpeptide
drug-like ligands for the angiotensin II type-2 (AT(2)) receptor. Effects on neurite
outgrowth in NG108-15 cells. Eur J Pharmacol 699:160-171.

Guo Y, Huang X, Liao W, Meng L, Xu D, Ye C, Chen L, and Hu T (2021) Discovery
and optimization of highly potent and selective ATyR antagonists to relieve
peripheral neuropathic pain. ACS Omega 6:15412-15420.

Gwathmey TM, Shaltout HA, Pendergrass KD, Pirro NT, Figueroa JP, Rose JC, Diz
DI, and Chappell MC (2009) Nuclear angiotensin II type 2 (AT2) receptors are
functionally linked to nitric oxide production. Am J Physiol Renal Physiol
296:F1484-F1493.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Gyurko R, Kimura B, Kurian P, Crews FT, and Phillips MI (1992) Angiotensin II
receptor subtypes play opposite roles in regulating phosphatidylinositol
hydrolysis in rat skin slices. Biochem Biophys Res Commun 186:285-292.

Habashi JP, Doyle JJ, Holm TM, Aziz H, Schoenhoff F, Bedja D, Chen Y, Modiri
AN, Judge DP, and Dietz HC (2011) Angiotensin II type 2 receptor signaling
attenuates aortic aneurysm in mice through ERK antagonism. Science
332:361-365.

Hackenthal E, Paul M, Ganten D, and Taugner R (1990) Morphology, physiology,
and molecular biology of renin secretion. Physiol Rev 70:1067-1116.

Hadcock JR, Strnad J, and Eppler CM (1994) Rat somatostatin receptor type 1
couples to G proteins and inhibition of cyclic AMP accumulation. Mol Pharmacol
45:410-416.

Hafko R, Villapol S, Nostramo R, Symes A, Sabban EL, Inagami T, and Saavedra
JM (2013) Commercially available angiotensin II Aty receptor antibodies are
nonspecific. PLoS One 8:669234.

Hakam AC and Hussain T (2005) Renal angiotensin II type-2 receptors are
upregulated and mediate the candesartan-induced natriuresis/diuresis in obese
Zucker rats. Hypertension 45:270-275.

Hakam AC and Hussain T (2006) Angiotensin II type 2 receptor agonist directly
inhibits proximal tubule sodium pump activity in obese but not in lean Zucker
rats. Hypertension 47:1117-1124.

Hakam AC, Siddiqui AH, and Hussain T (2006) Renal angiotensin II AT2 receptors
promote natriuresis in streptozotocin-induced diabetic rats. Am J Physiol Renal
Physiol 290:F503-F508.

Hallberg M (2009) Targeting the insulin-regulated aminopeptidase/AT4 receptor for
cognitive disorders. Drug News Perspect 22:133-139.

Hallberg M and Larhed M (2020) From angiotensin IV to small peptidemimetics
inhibiting insulin-regulated aminopeptidase. Front Pharmacol 11:590855.

Hallberg M, Savmarker J, and Hallberg A (2017) Angiotensin peptides as AT2
receptor agonists. Curr Protein Pept Sci 18:809-818.

Hallberg M, Sumners C, Steckelings UM, and Hallberg A (2018) Small-molecule
AT2 receptor agonists. Med Res Rev 38:602—-624.

Hama K, Ohnishi H, Yasuda H, Ueda N, Mashima H, Satoh Y, Hanatsuka K, Kita
H, Ohashi A, Tamada K, et al. (2004) Angiotensin II stimulates DNA synthesis of
rat pancreatic stellate cells by activating ERK through EGF receptor
transactivation. Biochem Biophys Res Commun 315:905-911.

Hannan RE, Davis EA, and Widdop RE (2003) Functional role of angiotensin II
AT?2 receptor in modulation of AT1 receptor-mediated contraction in rat uterine
artery: involvement of bradykinin and nitric oxide. Br J Pharmacol 140:987-995.

Hansen JL, Servant G, Baranski TJ, Fujita T, Iiri T, and Sheikh SP (2000)
Functional reconstitution of the angiotensin II type 2 receptor and G(i)
activation. Circ Res 87:753-759.

Hao SY, Ren M, Yang C, Lin DZ, Chen LH, Zhu P, Cheng H, and Yan L (2011)
Activation of skin renin-angiotensin system in diabetic rats. Endocrine 39:242-250.
Harada K, Matsuoka H, Fujimoto N, Endo Y, Hasegawa Y, Matsuo A, Kikuchi Y,
Matsumoto T, and Inoue M (2010) Localization of type-2 angiotensin II receptor

in adrenal gland. J Histochem Cytochem 58:585-593.

Harding JW, Wright JW, Swanson GN, Hanesworth JM, and Krebs LT (1994) AT4
receptors: specificity and distribution. Kidney Int 46:1510-1512.

Hashimoto N, Maeshima Y, Satoh M, Odawara M, Sugiyama H, Kashihara N,
Matsubara H, Yamasaki Y, and Makino H (2004) Overexpression of angiotensin
type 2 receptor ameliorates glomerular injury in a mouse remnant kidney model.
Am J Physiol Renal Physiol 286:F516-F525.

Hata T, Ogihara T, Mikami H, Nakamaru M, Maruyama A, Mandai T, and Kumahara
Y (1978) Comparison of the biological effects of two angiotensin II analogues in
hypertensive patients with sodium depletion. Life Sci 22:1955-1962.

Hayashida W, Horiuchi M, and Dzau VJ (1996) Intracellular third loop domain of
angiotensin II type-2 receptor. Role in mediating signal transduction and cellular
function. J Biol Chem 271:21985-21992.

Haykal MM, Rodrigues-Ferreira S, and Nahmias C (2021) Microtubule-associated
protein ATIP3, an emerging target for personalized medicine in breast cancer.
Cells 10:1080.

Haywood GA, Gullestad L, Katsuya T, Hutchinson HG, Pratt RE, Horiuchi M, and
Fowler MB (1997) AT1 and AT2 angiotensin receptor gene expression in human
heart failure. Circulation 95:1201-1206.

Hedayatyanfard K, Haddadi N-S, Ziai SA, Karim H, Niazi F, Steckelings UM,
Habibi B, Modarressi A, and Dehpour A-R (2020) The renin-angiotensin system
in cutaneous hypertrophic scar and keloid formation. Exp Dermatol 29:902-909.

Heemskerk FM and Saavedra JM (1995) Quantitative autoradiography of
angiotensin II AT2 receptors with [125I]CGP 42112. Brain Res 677:29-38.

Heerding JN, Yee DK, Jacobs SL, and Fluharty SJ (1997) Mutational analysis of
the angiotensin II type 2 receptor: contribution of conserved extracellular amino
acids. Regul Pept 72:97-103.

Hein L, Barsh GS, Pratt RE, Dzau VJ, and Kobilka BK (1995a) Behavioural and
cardiovascular effects of disrupting the angiotensin II type-2 receptor in mice.
Nature 377:744-747.

Hein L, Dzau VJ, and Barsh GS (1995b) Linkage mapping of the angiotensin AT2
receptor gene (Agtr2) to the mouse X chromosome. Genomics 30:369-371.

Hellstrom A, Smith LEH, and Dammann O (2013) Retinopathy of prematurity.
Lancet 382:1445-1457.

Helou CMB, Imbert-Teboul M, Doucet A, Rajerison R, Chollet C, Alhenc-Gelas F,
and Marchetti J (2003) Angiotensin receptor subtypes in thin and muscular
juxtamedullary efferent arterioles of rat kidney. Am J Physiol Renal Physiol
285:F507-F514.

Henrion D, Kubis N, and Lévy BI (2001) Physiological and pathophysiological
functions of the AT(2) subtype receptor of angiotensin II: from large arteries to
the microcirculation. Hypertension 38:1150-1157.

Herrera M and Garvin JL (2010) Angiotensin II stimulates thick ascending limb
NO production via AT(2) receptors and Aktl-dependent nitric-oxide synthase 3
(NOSS3) activation. J Biol Chem 285:14932—-14940.

1123

Herrick AL, Batta R, Overbeck K, Raud J, Manning J, Dinsdale G, Murray A, and
Tornling G (2022) A phase 2 randomised placebo-controlled trial investigating
the effect of the angiotensin II type 2 receptor agonist C21 on cold-induced
vasoconstriction in patients with Raynaud’s phenomenon secondary to systemic
sclerosis. Rheumatology 61 (Suppl 1):keac132.006 DOI: 10.1093/rheumatology/
keac132.006.

Heymes C, Silvestre JS, Llorens-Cortes C, Chevalier B, Marotte F, Levy BI,
Swynghedauw B, and Samuel JL (1998) Cardiac senescence is associated with
enhanced expression of angiotensin II receptor subtypes. Endocrinology
139:2579-2587.

Hilger D, Masureel M, and Kobilka BK (2018) Structure and dynamics of GPCR
signaling complexes. Nat Struct Mol Biol 25:4-12.

Hilliard LM, Chow CLE, Mirabito KM, Steckelings UM, Unger T, Widdop RE, and
Denton KM (2014) Angiotensin type 2 receptor stimulation increases renal
function in female, but not male, spontaneously hypertensive rats. Hypertension
64:378-383.

Hilliard LM, Jones ES, Steckelings UM, Unger T, Widdop RE, and Denton KM
(2012) Sex-specific influence of angiotensin type 2 receptor stimulation on renal
function: a novel therapeutic target for hypertension. Hypertension 59:409-414.

Hilliard LM, Mirabito KM, and Denton KM (2013a) Unmasking the potential of the
angiotensin AT2 receptor as a therapeutic target in hypertension in men and
women: what we know and what we still need to find out. Clin Exp Pharmacol
Physiol 40:542-550.

Hilliard LM, Nematbakhsh M, Kett MM, Teichman E, Sampson AK, Widdop RE,
Evans RG, and Denton KM (2011) Gender differences in pressure-natriuresis
and renal autoregulation: role of the angiotensin type 2 receptor. Hypertension
57:275-282.

Hilliard LM, Sampson AK, Brown RD, and Denton KM (2013b) The “his and hers”
of the renin-angiotensin system. Curr Hypertens Rep 15:71-79.

Hines J, Heerding JN, Fluharty SJ, and Yee DK (2001) Identification of
angiotensin II type 2 (AT2) receptor domains mediating high-affinity CGP
42112A binding and receptor activation. J Pharmacol Exp Ther 298:665-673.

Hirasawa K, Sato Y, Hosoda Y, Yamamoto T, and Hanai H (2002) Immunohistochemical
localization of angiotensin II receptor and local renin-angiotensin system in human
colonic mucosa. J Histochem Cytochem 50:275-282.

Hiyoshi H, Yayama K, Takano M, and Okamoto H (2004) Stimulation of cyclic
GMP production via AT2 and B2 receptors in the pressure-overloaded aorta after
banding. Hypertension 43:1258-1263.

Hiyoshi H, Yayama K, Takano M, and Okamoto H (2005) Angiotensin type 2
receptor-mediated phosphorylation of eNOS in the aortas of mice with 2-kidney,
1-clip hypertension. Hypertension 45:967-973.

Hladunewich MA, Kingdom J, Odutayo A, Burns K, Lai V, O’'Brien T, Gandhi S,
Zimpelmann J, Kiss A, Miller J, et al. (2011) Postpartum assessment of the renin
angiotensin system in women with previous severe, early-onset preeclampsia. /
Clin Endocrinol Metab 96:3517-3524.

Hohenfellner K, Hunley TE, Schloemer C, Brenner W, Yerkes E, Zepp F, Brock 3rd
JW, and Kon V (1999) Angiotensin type 2 receptor is important in the normal
development of the ureter. Pediatr Nephrol 13:187-191.

Horiuchi M, Akishita M, and Dzau VJ (1998) Molecular and cellular mechanism of
angiotensin II-mediated apoptosis. Endocr Res 24:307-314.

Horiuchi M, Hayashida W, Kambe T, Yamada T, and Dzau VJ (1997) Angiotensin
type 2 receptor dephosphorylates Bcl-2 by activating mitogen-activated protein
kinase phosphatase-1 and induces apoptosis.  Biol Chem 272:19022—-19026.

Horiuchi M, Koike G, Yamada T, Mukoyama M, Nakajima M, and Dzau VJ (1995)
The growth-dependent expression of angiotensin II type 2 receptor is regulated
by transcription factors interferon regulatory factor-1 and -2. J Biol Chem
270:20225-20230.

Hou C, Gilbert RL, and Barber DL (1994) Subtype-specific signaling mechanisms of
somatostatin receptors SSTR1 and SSTR2. J Biol Chem 269:10357-10362.

Hu C, Dandapat A, Chen J, Liu Y, Hermonat PL, Carey RM, and Mehta JL (2008)
Over-expression of angiotensin II type 2 receptor (agtr2) reduces atherogenesis
and modulates LOX-1, endothelial nitric oxide synthase and heme-oxygenase-1
expression. Atherosclerosis 199:288-294.

Huang D, Sun W, and Strom CM (2005) Sequence variations in AGTR2 are
unlikely to be associated with X-linked mental retardation. Am J Med Genet A
139:243-244.

Huang S, Xu P, Tan Y, You C, Zhang Y, Jiang Y, and Xu HE (2021) Structural basis
for recognition of anti-migraine drug lasmiditan by the serotonin receptor 5-HTyx-G
protein complex. Cell Res 31:1036-1038.

Huang XC, Richards EM, and Sumners C (1995) Angiotensin II type 2 receptor-
mediated stimulation of protein phosphatase 2A in rat hypothalamic/brainstem
neuronal cocultures. J Neurochem 65:2131-2137.

Huang XC, Richards EM, and Sumners C (1996) Mitogen-activated protein kinases
in rat brain neuronal cultures are activated by angiotensin II type 1 receptors
and inhibited by angiotensin II type 2 receptors. J Biol Chem 271:15635-15641.

Tadecola C (2013) The pathobiology of vascular dementia. Neuron 80:844-866.

Ichihara S, Senbonmatsu T, Price Jr E, Ichiki T, Gaffney FA, and Inagami T (2001)
Angiotensin II type 2 receptor is essential for left ventricular hypertrophy and
cardiac fibrosis in chronic angiotensin II-induced hypertension. Circulation
104:346-351.

Ichihara S, Senbonmatsu T, Price Jr E, Ichiki T, Gaffney FA, and Inagami T (2002)
Targeted deletion of angiotensin II type 2 receptor caused cardiac rupture after
acute myocardial infarction. Circulation 106:2244—-2249.

Ichiki T and Inagami T (1995) Expression, genomic organization, and transcription
of the mouse angiotensin II type 2 receptor gene. Circ Res 76:693-700.

Ichiki T, Kambayashi Y, and Inagami T (1996) Transcription of the rat angiotensin
11 type 2 receptor gene. Biochem Biophys Res Commun 222:566-571.

Ichiki T, Labosky PA, Shiota C, Okuyama S, Imagawa Y, Fogo A, Niimura F,
Ichikawa I, Hogan BL, and Inagami T (1995) Effects on blood pressure and



1124

exploratory behaviour of mice lacking angiotensin II type-2 receptor. Nature
377:748-750.

Inagami T, Eguchi S, Tsuzuki S, and Ichiki T (1997) Angiotensin II receptors AT1
and AT2-new mechanisms of signaling and antagonistic effects of AT1 and AT2.
Jpn Cire J 61:807-813.

Inuzuka T, Fujioka Y, Tsuda M, Fujioka M, Satoh AO, Horiuchi K, Nishide S,
Nanbo A, Tanaka S, and Ohba Y (2016) Attenuation of ligand-induced activation
of angiotensin II type 1 receptor signaling by the type 2 receptor via protein
kinase C. Sci Rep 6:21613.

Isaksson R, Casselbrant A, Elebring E, Hallberg M, Larhed M, and Fandriks L
(2020) Direct stimulation of angiotensin II type 2 receptor reduces nitric oxide
production in lipopolysaccharide treated mouse macrophages. Eur J Pharmacol
868:172855.

Isaksson R, Lindman J, Wannberg J, Sallander J, Backlund M, Baraldi D, Widdop
R, Hallberg M, Aqvist J, Gutierrez de Teran H, et al. (2019) A series of analogues
to the ATyR prototype antagonist C38 allow fine tuning of the previously
reported antagonist binding mode. ChemistryOpen 8:114-125.

Isbell DC, Voros S, Yang Z, DiMaria JM, Berr SS, French BA, Epstein FH, Bishop
SP, Wang H, Roy RJ, et al. (2007) Interaction between bradykinin subtype 2 and
angiotensin II type 2 receptors during post-MI left ventricular remodeling. Am J
Physiol Heart Circ Physiol 293:H3372-H3378.

Ishidoya S, Morrissey J, McCracken R, Reyes A, and Klahr S (1995) Angiotensin II
receptor antagonist ameliorates renal tubulointerstitial fibrosis caused by
unilateral ureteral obstruction. Kidney Int 47:1285-1294.

Ishiguro S, Yoshimura K, Tsunedomi R, Oka M, Takao S, Inui M, Kawabata A,
Wall T, Magafa V, Cordopatis P, et al. (2015) Involvement of angiotensin II type 2
receptor (AT2R) signaling in human pancreatic ductal adenocarcinoma (PDAC): a
novel AT2R agonist effectively attenuates growth of PDAC grafts in mice. Cancer
Biol Ther 16:307-316.

Ishrat T, Fouda AY, Pillai B, Eldahshan W, Ahmed H, Waller JL, Ergul A, and
Fagan SC (2019) Dose-response, therapeutic time-window and tPA-combinatorial
efficacy of compound 21: a randomized, blinded preclinical trial in a rat model of
thromboembolic stroke. J Cereb Blood Flow Metab 39:1635-1647.

Ismael S and Ishrat T (2021) Compound 21, a direct AT2R agonist, induces IL-10
and inhibits inflammation in mice following traumatic brain injury.
Neuromolecular Med DOI: 10.1007/s12017-021-08687-7 [published ahead of
print].

Israel A, Stromberg C, Tsutsumi K, Garrido MR, Torres M, and Saavedra JM
(1995) Angiotensin II receptor subtypes and phosphoinositide hydrolysis in rat
adrenal medulla. Brain Res Bull 38:441-446.

Ito Y, Naiki-Ito A, Kato H, Suzuki S, Kuno T, Ishiguro Y, Takahashi S, and Uemura
H (2018) Chemopreventive effects of angiotensin II receptor type 2 agonist on
prostate carcinogenesis by the down-regulation of the androgen receptor.
Oncotarget 9:13859-13869.

Iwai M, Chen R, Li Z, Shiuchi T, Suzuki J, Ide A, Tsuda M, Okumura M, Min L-J,
Mogi M, et al. (2005) Deletion of angiotensin II type 2 receptor exaggerated
atherosclerosis in apolipoprotein E-null mice. Circulation 112:1636-1643.

Iwai M, Liu H-W, Chen R, Ide A, Okamoto S, Hata R, Sakanaka M, Shiuchi T, and
Horiuchi M (2004) Possible inhibition of focal cerebral ischemia by angiotensin II
type 2 receptor stimulation. Circulation 110:843-848.

Iwanami J, Mogi M, Tsukuda K, Jing F, Ohshima K, Wang X-L, Nakaoka H, Kan-
no H, Chisaka T, Bai H-Y, et al. (2014) Possible synergistic effect of direct
angiotensin II type 2 receptor stimulation by compound 21 with memantine on
prevention of cognitive decline in type 2 diabetic mice. Eur J Pharmacol
724:9-15.

Iwanami J, Mogi M, Tsukuda K, Wang X-L, Nakaoka H, Kan-no H, Chisaka T, Bai
H-Y, Shan B-S, Kukida M, et al. (2015) Direct angiotensin II type 2 receptor
stimulation by compound 21 prevents vascular dementia. J Am Soc Hypertens
9:250-256.

Jackson L, Dong G, Althomali W, Sayed MA, Eldahshan W, Baban B, Johnson MH,
Filosa J, Fagan SC, and Ergul A (2020) Delayed administration of angiotensin II
type 2 receptor (AT2R) agonist compound 21 prevents the development of post-
stroke cognitive impairment in diabetes through the modulation of microglia
polarization. Transl Stroke Res 11:762-775.

Jackson-Cowan L, Eldahshan W, Dumanli S, Dong G, Jamil S, Abdul Y, Althomali
W, Baban B, Fagan SC, and Ergul A (2021) Delayed administration of
angiotensin receptor (AT2R) agonist C21 improves survival and preserves
sensorimotor outcomes in female diabetic rats post-stroke through modulation of
microglial activation. Int J Mol Sci 22:1356.

Jadhav SS, Sharma N, Meeks CJ, Mordwinkin NM, Espinoza TB, Roda NR,
DiZerega GS, Hill CK, Louie SG, and Rodgers KE (2013) Effects of combined
radiation and burn injury on the renin-angiotensin system. Wound Repair Regen
21:131-140.

Jaffe AB, Aspenstrom P, and Hall A (2004) Human CNKI1 acts as a scaffold protein,
linking Rho and Ras signal transduction pathways. Mol Cell Biol 24:1736-1746.
Jalowy A, Schulz R, Dorge H, Behrends M, and Heusch G (1998) Infarct size
reduction by AT1-receptor blockade through a signal cascade of AT2-receptor
activation, bradykinin and prostaglandins in pigs. J Am Coll Cardiol

32:1787-1796.

Janatpour ZC and Symes AJ (2020) The extended renin-angiotensin system: a
promising target for traumatic brain injury therapeutics. Neural Regen Res
15:1025-1026.

Janiak P, Pillon A, Prost JF, and Vilaine JP (1992) Role of angiotensin subtype 2
receptor in neointima formation after vascular injury. Hypertension 20:737-745.
Jehle AB, Xu Y, Dimaria JM, French BA, Epstein FH, Berr SS, Roy RJ, Kemp BA,
Carey RM, and Kramer CM (2012) A nonpeptide angiotensin II type 2 receptor
agonist does not attenuate postmyocardial infarction left ventricular remodeling

in mice. J Cardiovasc Pharmacol 59:363—-368.

Steckelings et al.

Jin J-J, Nakura J, Wu Z, Yamamoto M, Abe M, Chen Y, Tabara Y, Yamamoto Y,
Igase M, Bo X, et al. (2003) Association of angiotensin II type 2 receptor gene
variant with hypertension. Hypertens Res 26:547-552.

Jing F, Mogi M, Sakata A, Iwanami J, Tsukuda K, Ohshima K, Min L-J,
Steckelings UM, Unger T, Dahlof B, et al. (2012) Direct stimulation of
angiotensin II type 2 receptor enhances spatial memory. J Cereb Blood Flow
Metab 32:248-255.

Johannesson P, Erdélyi M, Lindeberg G, Frandberg P-A, Nyberg F, Karlén A, and
Hallberg A (2004) AT2-selective angiotensin II analogues containing tyrosine-
functionalized 5,5-bicyclic thiazabicycloalkane dipeptide mimetics. J Med Chem
47:6009-6019.

Johansson B, Holm M, Ewert S, Casselbrant A, Pettersson A, and Fandriks L
(2001) Angiotensin II type 2 receptor-mediated duodenal mucosal alkaline
secretion in the rat. Am J Physiol Gastrointest Liver Physiol 280:G1254-G1260.

Johansson ME, Fagerberg B, and Bergstrom G (2008) Angiotensin type 2 receptor
is expressed in human atherosclerotic lesions. J Renin Angiotensin Aldosterone
Syst 9:17-21.

Johansson ME, Wickman A, Fitzgerald SM, Gan LM, and Bergstrom G (2005)
Angiotensin II, type 2 receptor is not involved in the angiotensin II-mediated
pro-atherogenic process in ApoE-/- mice. J Hypertens 23:1541-1549.

Johren O, Inagami T, and Saavedra JM (1995) AT1A, AT1B, and AT2 angiotensin
II receptor subtype gene expression in rat brain. Neuroreport 6:2549-2552.

Jones C, Millan MA, Naftolin F, and Aguilera G (1989) Characterization of
angiotensin II receptors in the rat fetus. Peptides 10:459-463.

Jones ES, Black MJ, and Widdop RE (2004) Angiotensin AT2 receptor contributes
to cardiovascular remodelling of aged rats during chronic AT1 receptor blockade.
J Mol Cell Cardiol 37:1023-1030.

Jones ES, Black MJ, and Widdop RE (2012) Influence of angiotensin II subtype 2
receptor (AT(2)R) antagonist, PD123319, on cardiovascular remodelling of aged
spontaneously hypertensive rats during chronic angiotensin II subtype 1 receptor
(AT(1)R) blockade. Int J Hypertens 2012:543062.

Jones ES, Del Borgo MP, Kirsch JF, Clayton D, Bosnyak S, Welungoda I, Hausler
N, Unabia S, Perlmutter P, Thomas WG, et al. (2011) A single beta-amino acid
substitution to angiotensin II confers AT2 receptor selectivity and vascular
function. Hypertension 57:570-576.

Jones ES, Vinh A, McCarthy CA, Gaspari TA, and Widdop RE (2008) AT2
receptors: functional relevance in cardiovascular disease. Pharmacol Ther
120:292-316.

Joseph JP, Mecca AP, Regenhardt RW, Bennion DM, Rodriguez V, Desland F, Patel
NA, Pioquinto DJ, Unger T, Katovich MJ, et al. (2014) The angiotensin type 2
receptor agonist Compound 21 elicits cerebroprotection in endothelin-1 induced
ischemic stroke. Neuropharmacology 81:134-141.

Judson JP, Nadarajah VD, Bong YC, Subramaniam K, and Sivalingam N (2006) A
preliminary finding: immunohistochemical localisation and distribution of
placental angiotensin II receptor subtypes in normal and preeclamptic
pregnancies. Med J Malaysia 61:173-180.

Jugdutt BI and Menon V (2004) AT2 receptor and apoptosis during AT1 receptor
blockade in reperfused myocardial infarction in the rat. Mol Cell Biochem
262:203-214.

Jugdutt BI, Xu Y, Balghith M, and Menon V (2001) Cardioprotective effects of
angiotensin II type 1 receptor blockade with candesartan after reperfused
myocardial infarction: role of angiotensin II type 2 receptor. J Renin Angiotensin
Aldosterone Syst 2 (1_suppl):S162-S166.

Kagiyama T, Kagiyama S, and Phillips MI (2003) Expression of angiotensin type 1
and 2 receptors in brain after transient middle cerebral artery occlusion in rats.
Regul Pept 110:241-247.

Kakuchi J, Ichiki T, Kiyama S, Hogan BL, Fogo A, Inagami T, and Ichikawa I
(1995) Developmental expression of renal angiotensin II receptor genes in the
mouse. Kidney Int 47:140-147.

Kambayashi Y, Bardhan S, Takahashi K, Tsuzuki S, Inui H, Hamakubo T, and
Inagami T (1993) Molecular cloning of a novel angiotensin II receptor isoform
involved in phosphotyrosine phosphatase inhibition. J Biol Chem
268:24543-24546.

Kanehara H, Song K, Hirai K, Ueda H, Shiota N, Azuma H, Katsuoka Y, Miyazaki
H, and Miyazaki M (1998) Involvement of angiotensin II receptor subtypes
during testicular development in rats. Int J Androl 21:186-195.

Kang J, Posner P, and Sumners C (1994) Angiotensin II type 2 receptor stimulation
of neuronal K+ currents involves an inhibitory GTP binding protein. Am J
Physiol 267:C1389-C1397.

Kang J, Richards EM, Posner P, and Sumners C (1995) Modulation of the delayed
rectifier K+ current in neurons by an angiotensin II type 2 receptor fragment.
Am J Physiol 268:C278-C282.

Kang J, Sumners C, and Posner P (1992) Modulation of net outward current in
cultured neurons by angiotensin II: involvement of AT1 and AT2 receptors. Brain
Res 580:317-324.

Kang J, Sumners C, and Posner P (1993) Angiotensin II type 2 receptor-modulated
changes in potassium currents in cultured neurons. Am J Physiol 265:C607-C616.
Kang K-H, Park S-Y, Rho SB, and Lee J-H (2008) Tissue inhibitor of
metalloproteinases-3 interacts with angiotensin II type 2 receptor and additively

inhibits angiogenesis. Cardiovasc Res 79:150-160.

Kang Y, Kuybeda O, de Waal PW, Mukherjee S, Van Eps N, Dutka P, Zhou XE,
Bartesaghi A, Erramilli S, Morizumi T, et al. (2018) Cryo-EM structure of human
rhodopsin bound to an inhibitory G protein. Nature 558:553-558.

Karnik SS, Unal H, Kemp JR, Tirupula KC, Eguchi S, Vanderheyden PML, and
Thomas WG (2015) International union of basic and clinical pharmacology. XCIX.
Angiotensin receptors: interpreters of pathophysiological angiotensinergic
stimuli [corrected]. Pharmacol Rev 67:754-819.

Kaschina E, Grzesiak A, Li J, Foryst-Ludwig A, Timm M, Rompe F, Sommerfeld M,
Kemnitz UR, Curato C, Namsolleck P, et al. (2008) Angiotensin II type 2 receptor



Angiotensin ATy Receptor: A Novel Therapeutic Target

stimulation: a novel option of therapeutic interference with the renin-angiotensin
system in myocardial infarction? Circulation 118:2523-2532.

Kaschina E, Lauer D, Schmerler P, Unger T, and Steckelings UM (2014) AT2
receptors targeting cardiac protection post-myocardial infarction. Curr Hypertens
Rep 16:441.

Kaschina E, Namsolleck P, and Unger T (2017) AT2 receptors in cardiovascular
and renal diseases. Pharmacol Res 125 (Pt A):39-47.

Kaschina E, Scholz H, Steckelings UM, Sommerfeld M, Kemnitz UR, Artuc M,
Schmidt S, and Unger T (2009) Transition from atherosclerosis to aortic
aneurysm in humans coincides with an increased expression of RAS components.
Atherosclerosis 205:396—403.

Kassner A and Merali Z (2015) Assessment of blood-brain barrier disruption in
stroke. Stroke 46:3310-3315.

Katada J and Majima M (2002) AT(2) receptor-dependent vasodilation is mediated
by activation of vascular kinin generation under flow conditions. Br J Pharmacol
136:484-491.

Katritch V, Fenalti G, Abola EE, Roth BL, Cherezov V, and Stevens RC (2014)
Allosteric sodium in class A GPCR signaling. Trends Biochem Sci 39:233-244.

Kawabata A, Baoum A, Ohta N, Jacquez S, Seo G-M, Berkland C, and Tamura M
(2012) Intratracheal administration of a nanoparticle-based therapy with the
angiotensin II type 2 receptor gene attenuates lung cancer growth. Cancer Res
72:2057-2067.

Kemp BA, Bell JF, Rottkamp DM, Howell NL, Shao W, Navar LG, Padia SH, and
Carey RM (2012) Intrarenal angiotensin III is the predominant agonist for
proximal tubule angiotensin type 2 receptors. Hypertension 60:387-395.

Kemp BA, Howell NL, Gildea JJ, Keller SR, Brautigan DL, and Carey RM (2022)
Renal AT, receptors mediate natriuresis via protein phosphatase PP2A. Circ Res
130:96-111.

Kemp BA, Howell NL, Gildea JJ, Keller SR, and Carey RM (2020) Identification of
a primary renal AT, receptor defect in spontaneously hypertensive rats. Circ Res
126:644-659.

Kemp BA, Howell NL, Gildea JJ, Keller SR, Padia SH, and Carey RM (2014)
Response to letter regarding article, “AT2 receptor activation induces natriuresis
and lowers blood pressure”. Circ Res 115:e26—27.

Kemp BA, Howell NL, Keller SR, Gildea JJ, Padia SH, and Carey RM (2016) AT2
receptor activation prevents sodium retention and reduces blood pressure in
angiotensin II-dependent hypertension. Circ Res 119:532-543.

Kemp BA, Howell NL, Keller SR, Gildea JJ, Shao W, Navar LG, and Carey RM
(2019) Defective renal angiotensin III and AT, receptor signaling in
prehypertensive spontaneously hypertensive rats. J Am Heart Assoc 8:6€012016.

Keppel Hesselink JM and Schatman ME (2017) EMA401: an old antagonist of the
AT2R for a new indication in neuropathic pain. J Pain Res 10:439-443.

Khan N, Muralidharan A, and Smith MT (2017) Attenuation of the infiltration of
angiotensin II expressing CD3* T-cells and the modulation of nerve growth
factor in lumbar dorsal root ganglia — a possible mechanism underpinning
analgesia produced by EMAS300, an angiotensin II type 2 (ATy) receptor
antagonist. Front Mol Neurosct 10:389.

Khorooshi R, Marczynska J, Dubik M, Dieu RS, Sgrensen SF, Montanana-Rosell R,
Limburg HL, Tygesen C, Asgari N, Steckelings UM, et al. (2021) The protective
effect of angiotensin AT2-receptor stimulation in neuromyelitis optica spectrum
disorder is independent of astrocyte-derived BDNF. Mult Scler Relat Disord
53:103033.

Khorooshi R, Tofte-Hansen EU, Tygesen C, Montanana-Rosell R, Limburg HL,
Marczynska J, Asgari N, Steckelings UM, and Owens T (2020) Angiotensin AT2
receptor-induced interleukin-10 attenuates neuromyelitis optica spectrum
disorder-like pathology. Mult Scler 26:1187-1196.

Kiavue N, Cabel L, Melaabi S, Bataillon G, Callens C, Lerebours F, Pierga J-Y, and
Bidard F-C (2020) ERBB3 mutations in cancer: biological aspects, prevalence
and therapeutics. Oncogene 39:487-502.

Kilian P, Campbell S, Bilodeau L, Guimond M-O, Roberge C, Gallo-Payet N, and
Payet MD (2008) Angiotensin II type 2 receptor stimulation increases the rate of
NG108-15 cell migration via actin depolymerization. Endocrinology 149:2923-2933.

Kimura B, Sumners C, and Phillips MI (1992) Changes in skin angiotensin II
receptors in rats during wound healing. Biochem Biophys Res Commun
187:1083-1090.

King Jr TE, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I, Glassberg
MK, Gorina E, Hopkins PM, Kardatzke D, Lancaster L, et al.; ASCEND Study
Group (2014) A phase 3 trial of pirfenidone in patients with idiopathic
pulmonary fibrosis. N Engl J Med 370:2083-2092.

Kivlighn SD, Huckle WR, Zingaro GJ, Rivero RA, Lotti VJ, Chang RS, Schorn TW,
Kevin N, Johnson Jr RG, Greenlee WJ, et al. (1995) Discovery of 1-162,313: a
nonpeptide that mimics the biological actions of angiotensin II. Am J Physiol
268:R820-R823.

Kljajic ST, Widdop RE, Vinh A, Welungoda I, Bosnyak S, Jones ES, and Gaspari TA
(2013) Direct ATs receptor stimulation is athero-protective and stabilizes plaque
in apolipoprotein E-deficient mice. Int J Cardiol 169:281-287.

Knowle D, Ahmed S, and Pulakat L (2000) Identification of an interaction between
the angiotensin II receptor sub-type AT2 and the ErbB3 receptor, a member of
the epidermal growth factor receptor family. Regul Pept 87:73-82.

Knowle D, Kurfis J, Gavini N, and Pulakat L (2001) Role of Asp297 of the AT2
receptor in high-affinity binding to different peptide ligands. Peptides
22:2145-2149.

Kobayashi S, Ohnishi J, Nibu Y, Nishimatsu S, Umemura S, Ishii M, Murakami K,
and Miyazaki H (1995) Cloning of the rat angiotensin II type 2 receptor gene and
identification of its functional promoter region. Biochim Biophys Acta 1262:155-158.

Koehl A, Hu H, Maeda S, Zhang Y, Qu Q, Paggi JM, Latorraca NR, Hilger D,
Dawson R, Matile H, et al. (2018) Structure of the p-opioid receptor-G; protein
complex. Nature 558:547-552.

Koike G, Horiuchi M, Yamada T, Szpirer C, Jacob HJ, and Dzau VJ (1994) Human
type 2 angiotensin II receptor gene: cloned, mapped to the X chromosome, and its

1125

mRNA is expressed in the human lung. Biochem Biophys Res Commun
203:1842-1850.

Koike G, Winer ES, Horiuchi M, Brown DM, Szpirer C, Dzau VJ, and Jacob HJ
(1995) Cloning, characterization, and genetic mapping of the rat type 2
angiotensin II receptor gene. Hypertension 26:998-1002.

Koitka A, Cao Z, Koh P, Watson AMD, Sourris KC, Loufrani L, Soro-Paavonen A,
Walther T, Woollard KJ, Jandeleit-Dahm KAM, et al. (2010) Angiotensin II
subtype 2 receptor blockade and deficiency attenuate the development of
atherosclerosis in an apolipoprotein E-deficient mouse model of diabetes.
Diabetologia 53:584-592.

Kolakovié¢ A, Stankovi¢ A, Djuri¢ T, Zivkovi¢ M, Konéar I, Davidovié¢ L, Radak D,
and Alavanti¢ D (2016) Gender-specific association between angiotensin II type 2
receptor -1332 A/G gene polymorphism and advanced carotid atherosclerosis. J
Stroke Cerebrovasc Dis 25:1622-1630.

Konigshoff M, Wilhelm A, Jahn A, Sedding D, Amarie OV, Eul B, Seeger W, Fink
L, Ginther A, Eickelberg O, et al. (2007) The angiotensin II receptor 2 is
expressed and mediates angiotensin II signaling in lung fibrosis. Am J Respir
Cell Mol Biol 37:640-650.

Kontogiannis J and Burns KD (1998) Role of AT1 angiotensin II receptors in renal
ischemic injury. Am J Physiol 274:F79-F90.

Kotani E, Sugimoto M, Kamata H, Fujii N, Saitoh M, Usuki S, Kubo T, Song K,
Miyazaki M, Murakami K, et al. (1999) Biological roles of angiotensin II via its
type 2 receptor during rat follicle atresia. Am J Physiol 276:E25-E33.

Kotani K, Sakane N, Saiga K, Tsuzaki K, Sano Y, Mu H, and Kurozawa Y (2007)
The angiotensin II type 2 receptor gene polymorphism and body mass index in
healthy Japanese women. Ann Clin Biochem 44:83-85.

Kou H, Gui S, Dai Y, Guo Y, and Wang H (2020) Epigenetic repression of AT2
receptor is involved in f cell dysfunction and glucose intolerance of adult female
offspring rats exposed to dexamethasone prenatally. Toxicol Appl Pharmacol
404:115187.

Koulis C, Chow BSM, McKelvey M, Steckelings UM, Unger T, Thallas-Bonke V,
Thomas MC, Cooper ME, Jandeleit-Dahm KA, and Allen TJ (2015) AT2R
agonist, compound 21, is reno-protective against type 1 diabetic nephropathy.
Hypertension 65:1073-1081.

Kozak M (1991) An analysis of vertebrate mRNA sequences: intimations of
translational control. J Cell Biol 115:887-903.

Krause LMH, Kemp BA, Tan ASJ, Jones ES, Del Borgo MP, Aguilar M-I, Denton
KM, Carey RM, and Widdop RE (2020) Renal functional effects of the highly
selective AT2R agonist, f-Pro7 Ang III, in normotensive rats. Clin Sci (Lond)
134:871-884.

Kuizinga MC, Smits JF, and Arends JW, Daemen MJAP (1998) AT2 receptor
blockade reduces cardiac interstitial cell DNA synthesis and cardiac function
after rat myocardial infarction. J Mol Cell Cardiol 30:425-434.

Kukida M, Mogi M, Kan-No H, Tsukuda K, Bai H-Y, Shan B-S, Yamauchi T, Higaki
A, Min L-J, Iwanami J, et al. (2019) AT2 receptor stimulation inhibits phosphate-
induced vascular calcification. Kidney Int 95:138-148.

Kukida M, Mogi M, Ohshima K, Nakaoka H, Iwanami J, Kanno H, Tsukuda K,
Chisaka T, Min L-J, Wang X-L, et al. (2016) Angiotensin II type 2 receptor
inhibits vascular intimal proliferation with activation of PPARy. Am J Hypertens
29:727-736.

Kurihara T, Ozawa Y, Shinoda K, Nagai N, Inoue M, Oike Y, Tsubota K, Ishida S,
and Okano H (2006) Neuroprotective effects of angiotensin II type 1 receptor
(AT1R) blocker, telmisartan, via modulating AT1R and AT2R signaling in retinal
inflammation. Invest Ophthalmol Vis Sci 47:5545-5552.

Kurisu S, Ozono R, Oshima T, Kambe M, Ishida T, Sugino H, Matsuura H,
Chayama K, Teranishi Y, Iba O, et al. (2003) Cardiac angiotensin II type 2
receptor activates the kinin/NO system and inhibits fibrosis. Hypertension
41:99-107.

Kurtz TW, Morris RC, and Pershadsingh HA (1989) The Zucker fatty rat as a
genetic model of obesity and hypertension. Hypertension 13:896-901.

Lange C, Sommerfeld M, Namsolleck P, Kintscher U, Unger T, and Kaschina E
(2018) AT.R (angiotensin AT2 receptor) agonist, compound 21, prevents
abdominal aortic aneurysm progression in the rat. Hypertension 72:€20—e29.

Lanz TV, Ding Z, Ho PP, Luo J, Agrawal AN, Srinagesh H, Axtell R, Zhang H,
Platten M, Wyss-Coray T, et al. (2010) Angiotensin II sustains brain
inflammation in mice via TGF-beta. J Clin Invest 120:2782-2794.

Lara L da S, Cavalcante F, Axelband F, De Souza AM, Lopes AG, and Caruso-
Neves C (2006) Involvement of the Gi/o/cGMP/PKG pathway in the AT2-
mediated inhibition of outer cortex proximal tubule Na+-ATPase by Ang-(1-7).
Biochem J 395:183-190.

Lau T, Carlsson P-O, and Leung PS (2004) Evidence for a local angiotensin-
generating system and dose-dependent inhibition of glucose-stimulated insulin
release by angiotensin II in isolated pancreatic islets. Diabetologia 47:240-248.

Lauer D, Slavic S, Sommerfeld M, Thone-Reineke C, Sharkovska Y, Hallberg A,
Dahlof B, Kintscher U, Unger T, Steckelings UM, et al. (2014) Angiotensin type 2
receptor stimulation ameliorates left ventricular fibrosis and dysfunction via
regulation of tissue inhibitor of matrix metalloproteinase 1/matrix metalloproteinase
9 axis and transforming growth factor 1 in the rat heart. Hypertension 63:¢60—e67.

Lautner RQ, Villela DC, Fraga-Silva RA, Silva N, Verano-Braga T, Costa-Fraga F,
Jankowski J, Jankowski V, Sousa F, Alzamora A, et al. (2013) Discovery and
characterization of alamandine: a novel component of the renin-angiotensin
system [published correction appears in Circ Res (2013) 112:e156]. Circ Res
112:1104-1111.

Lavoie JL and Sigmund CD (2003) Minireview: overview of the renin-angiotensin
system—an endocrine and paracrine system. Endocrinology 144:2179-2183.

Lax CJ, Domenighetti AA, Pavia JM, Di Nicolantonio R, Curl CL, Morris MJ, and
Delbridge LMD (2004) Transitory reduction in angiotensin AT2 receptor
expression levels in postinfarct remodelling in rat myocardium. Clin Exp
Pharmacol Physiol 31:512-517.



1126

Lazard D, Briend-Sutren MM, Villageois P, Mattei MG, Strosberg AD, and
Nahmias C (1994) Molecular characterization and chromosome localization of a
human angiotensin II AT2 receptor gene highly expressed in fetal tissues.
Receptors Channels 2:271-280.

Leblanc S, Battista M-C, Noll C, Hallberg A, Gallo-Payet N, Carpentier AC, Vine
DF, and Baillargeon J-P (2014) Angiotensin II type 2 receptor stimulation
improves fatty acid ovarian uptake and hyperandrogenemia in an obese rat
model of polycystic ovary syndrome. Endocrinology 155:3684—-3693.

Lee S, Brait VH, Arumugam TV, Evans MA, Kim HA, Widdop RE, Drummond GR,
Sobey CG, and Jones ES (2012) Neuroprotective effect of an angiotensin receptor
type 2 agonist following cerebral ischemia in vitro and in vivo. Exp Transl Stroke
Med 4:16.

Lee WH, Lee HH, Vo M-T, Kim HJ, Ko MS, Im Y-C, Min YJ, Lee BJ, Cho WJ, and
Park JW (2011) Casein kinase 2 regulates the mRNA-destabilizing activity of
tristetraprolin. J Biol Chem 286:21577-21587.

Légat L, Brouwers S, Smolders IJ, and Dupont AG (2017) Hypotensive response to
angiotensin II type 2 receptor stimulation in the rostral ventrolateral medulla
requires functional GABA-A receptors. Front Neurosci 11:346.

Légat L, Smolders IJ, and Dupont AG (2019) Investigation of the role of AT2
receptors in the nucleus tractus solitarii of normotensive rats in blood pressure
control. Front Neurosci 13:589.

Lehtonen JY, Daviet L, Nahmias C, Horiuchi M, and Dzau VJ (1999a) Analysis of
functional domains of angiotensin II type 2 receptor involved in apoptosis. Mol
Endocrinol 13:1051-1060.

Lehtonen JY, Horiuchi M, Daviet L, Akishita M, and Dzau VJ (1999b) Activation of
the de novo biosynthesis of sphingolipids mediates angiotensin II type 2 receptor-
induced apoptosis. J Biol Chem 274:16901-16906.

Lemarié CA and Schiffrin EL (2010) The angiotensin II type 2 receptor in
cardiovascular disease. J Renin Angiotensin Aldosterone Syst 11:19-31.

Lenkei Z, Palkovits M, Corvol P, and Llorens-Cortes C (1996) Distribution of
angiotensin II type-2 receptor (AT2) mRNA expression in the adult rat brain.
Comp Neurol 373:322-339.

Leonhardt J, Villela DC, Teichmann A, Minter L-M, Mayer MC, Mardahl M,
Kirsch S, Namsolleck P, Lucht K, Benz V, et al. (2017) Evidence for
heterodimerization and functional interaction of the angiotensin type 2 receptor
and the receptor MAS. Hypertension 69:1128-1135.

Leung KK, Liang J, Ma MT, and Leung PS (2012) Angiotensin II type 2 receptor is
critical for the development of human fetal pancreatic progenitor cells into islet-
like cell clusters and their potential for transplantation. Stem Cells 30:525-536.

Leung KK, Liang J, Zhao S, Chan WY, and Leung PS (2014) Angiotensin II type 2
receptor regulates the development of pancreatic endocrine cells in mouse
embryos. Dev Dyn 243:415-427.

Leung PS, Chan HC, Fu LX, Leung PY, Chew SB, and Wong PY (1997a)
Angiotensin II receptors: localization of type I and type II in rat epididymides of
different developmental stages. J Membr Biol 157:97-103.

Leung PS, Chan HC, Fu LX, and Wong PY (1997b) Localization of angiotensin II
receptor subtypes AT1 and AT2 in the pancreas of rodents. J Endocrinol
153:269-274.

Levy BI, Benessiano J, Henrion D, Caputo L, Heymes C, Duriez M, Poitevin P, and
Samuel JL (1996) Chronic blockade of AT2-subtype receptors prevents the effect
of angiotensin II on the rat vascular structure. J Clin Invest 98:418-425.

Li DY, Zhang YC, Philips MI, Sawamura T, and Mehta JL (1999) Upregulation of
endothelial receptor for oxidized low-density lipoprotein (LOX-1) in cultured
human coronary artery endothelial cells by angiotensin II type 1 receptor
activation. Circ Res 84:1043-1049.

Li H, Qi Y, Li C, Braseth LN, Gao Y, Shabashvili AE, Katovich MdJ, and Sumners C
(2009) Angiotensin type 2 receptor-mediated apoptosis of human prostate cancer
cells. Mol Cancer Ther 8:3255-3265.

Li J, Culman J, Hortnagl H, Zhao Y, Gerova N, Timm M, Blume A, Zimmermann
M, Seidel K, Dirnagl U, et al. (2005) Angiotensin AT2 receptor protects against
cerebral ischemia-induced neuronal injury. FASEB J 19:617-619.

Li J, Zhao X, Li X, Lerea KM, and Olson SC (2007) Angiotensin II type 2 receptor-
dependent increases in nitric oxide synthase expression in the pulmonary
endothelium is mediated via a G alpha i3/Ras/Raf/MAPK pathway. Am J Physiol
Cell Physiol 292:C2185-C2196.

Li J-M, Mogi M, Tsukuda K, Tomochika H, Iwanami J, Min L-J, Nahmias C, Iwai
M, and Horiuchi M (2007) Angiotensin II-induced neural differentiation via
angiotensin II type 2 (AT2) receptor-MMS2 cascade involving interaction
between AT2 receptor-interacting protein and Src homology 2 domain-containing
protein-tyrosine phosphatase 1. Mol Endocrinol 21:499-511.

Li X, Lerea KM, Li J, and Olson SC (2004) Src kinase mediates angiotensin II-
dependent increase in pulmonary endothelial nitric oxide synthase. Am J Respir
Cell Mol Biol 31:365-372.

Li XC and Widdop RE (2004) AT2 receptor-mediated vasodilatation is unmasked by
AT1 receptor blockade in conscious SHR. Br J Pharmacol 142:821-830.

Li Y, Zhu M, Hu R, and Yan W (2015) The effects of gene polymorphisms in
angiotensin II receptors on pregnancy-induced hypertension and preeclampsia: a
systematic review and meta-analysis. Hypertens Pregnancy 34:241-260.

Li Z, Iwai M, Wu L, Shiuchi T, Jinno T, Cui T-X, and Horiuchi M (2003) Role of
AT2 receptor in the brain in regulation of blood pressure and water intake. Am J
Physiol Heart Circ Physiol 284:H116-H121.

Liao M-C, Miyata KN, Chang S-Y, Zhao X-P, Lo C-S, El-Mortada M-A, Peng J,
Chenier I, Yamashita M, Ingelfinger JR, et al. (2022) Angiotensin II type-2-
receptor stimulation ameliorates focal and segmental glomerulosclerosis in mice.
Clin Sci (Lond) 136:715-731.

Liebau MC, Lang D, Bohm J, Endlich N, Bek MdJ, Witherden I, Mathieson PW,
Saleem MA, Pavenstadt H, and Fischer K-G (2006) Functional expression of the
renin-angiotensin system in human podocytes. Am J Physiol Renal Physiol
290:F710-F719.

Steckelings et al.

Liu J, Liu Q, Yang X, Xu S, Zhang H, Bai R, Yao H, Jiang J, Shen M, Wu X, et al.
(2013) Design, synthesis, and biological evaluation of 1,2,4-triazole bearing 5-
substituted biphenyl-2-sulfonamide derivatives as potential antihypertensive
candidates. Bioorg Med Chem 21:7742-7751.

Liu YH, Yang XP, Sharov VG, Nass O, Sabbah HN, Peterson E, and Carretero OA
(1997) Effects of angiotensin-converting enzyme inhibitors and angiotensin II
type 1 receptor antagonists in rats with heart failure. Role of kinins and
angiotensin II type 2 receptors. J Clin Invest 99:1926-1935.

Llorens-Cortes C and Touyz RM (2020) Evolution of a new
antihypertensive drugs: targeting the brain renin-angiotensin
Hypertension 75:6-15.

Lonchampt M, Pennel L, and Duhault J (2001) Hyperoxia/normoxia-driven retinal
angiogenesis in mice: a role for angiotensin II. Invest Ophthalmol Vis Sci
42:429-432.

Longman MR, Ranieri A, Avkiran M, and Snabaitis AK (2014) Regulation of
PP2AC carboxylmethylation and cellular localisation by inhibitory class G-
protein coupled receptors in cardiomyocytes. PLoS One 9:e86234.

Lorenzo O, Ruiz-Ortega M, Suzuki Y, Rupérez M, Esteban V, Sugaya T, and Egido
J (2002) Angiotensin III activates nuclear transcription factor-kappaB in
cultured mesangial cells mainly via AT(2) receptors: studies with AT(1) receptor-
knockout mice. J Am Soc Nephrol 13:1162-1171.

Lu X, Grove KL, Zhang W, and Speth RC (1995) Pharmacological characterization
of angiotensin II AT(2) receptor subtype heterogeneity in the rat adrenal cortex
and medulla. Endocrine 3:255-261.

Lucius R, Gallinat S, Rosenstiel P, Herdegen T, Sievers J, and Unger T (1998) The
angiotensin II type 2 (AT2) receptor promotes axonal regeneration in the optic
nerve of adult rats. J Exp Med 188:661-670.

Liitzen U, Zhao Y, Lucht K, Zuhayra M, Hedderich J, Cascorbi I, and Culman J
(2017) Activation of the cell membrane angiotensin AT2 receptors in human
leiomyosarcoma cells induces differentiation and apoptosis by a PPARy -
dependent mechanism. Neoplasma 64:395-405.

Lv Q, Dong F, Zhou Y, Cai Z, and Wang G (2020) RNA-binding protein SORBS2
suppresses clear cell renal cell carcinoma metastasis by enhancing MTUS1
mRNA stability. Cell Death Dis 11:1056.

Lyngsg C, Erikstrup N, and Hansen JL (2009) Functional interactions between
TTM receptors in the renin-angiotensin system—dimerization or crosstalk? Mol
Cell Endocrinol 302:203—-212.

Ma C-Y and Yin L (2016) Neuroprotective effect of angiotensin II type 2 receptor
during cerebral ischemia/reperfusion. Neural Regen Res 11:1102-1107.

Ma J, Nishimura H, Fogo A, Kon V, Inagami T, and Ichikawa I (1998) Accelerated
fibrosis and collagen deposition develop in the renal interstitium of angiotensin
type 2 receptor null mutant mice during ureteral obstruction. Kidney Int
53:937-944.

MacGregor DP, Murone C, Song K, Allen AM, Paxinos G, and Mendelsohn FA
(1995) Angiotensin II receptor subtypes in the human central nervous system.
Brain Res 675:231-240.

Macova M, Armando I, Zhou J, Baiardi G, Tyurmin D, Larrayoz-Roldan IM, and
Saavedra JM (2008) Estrogen reduces aldosterone, upregulates adrenal
angiotensin II AT2 receptors and normalizes adrenomedullary Fra-2 in
ovariectomized rats. Neuroendocrinology 88:276—286.

Madrid MI, Garcia-Salom M, Tornel J, De Gasparo M, and Fenoy FJ (1997) Effect
of interactions between nitric oxide and angiotensin II on pressure diuresis and
natriuresis. Am J Physiol 273:R1676-R1682.

Magnani F, Pappas CG, Crook T, Magafa V, Cordopatis P, Ishiguro S, Ohta N,
Selent J, Bosnyak S, Jones ES, et al. (2014) Electronic sculpting of ligand-GPCR
subtype selectivity: the case of angiotensin II. ACS Chem Biol 9:1420-1425.

Mahalingam AK, Wan Y, Murugaiah AMS, Wallinder C, Wu X, Plouffe B, Botros
M, Nyberg F, Hallberg A, Gallo-Payet N, et al. (2010) Selective angiotensin II
AT(2) receptor agonists with reduced CYP 450 inhibition. Bioorg Med Chem
18:4570-4590.

Maher TM, Stowasser S, Nishioka Y, White ES, Cottin V, Noth I, Selman M, Rohr
KB, Michael A, Ittrich C, et al.; INMARK trial investigators (2019) Biomarkers
of extracellular matrix turnover in patients with idiopathic pulmonary fibrosis
given nintedanib (INMARK study): a randomised, placebo-controlled study.
Lancet Respir Med 7:771-779.

Mahmood A and Pulakat L (2015) Differential effects of f-blockers, angiotensin IT
receptor blockers, and a novel AT2R agonist NP-6A4 on stress response of
nutrient-starved cardiovascular cells. PLoS One 10:¢0144824.

Makino I, Shibata K, Ohgami Y, Fujiwara M, and Furukawa T (1996) Transient
upregulation of the AT2 receptor mRNA level after global ischemia in the rat
brain. Neuropeptides 30:596—601.

Mancina R, Susini T, Renzetti A, Forti G, Razzoli E, Serio M, and Maggi M (1996)
Sex steroid modulation of AT2 receptors in human myometrium. J Clin
Endocrinol Metab 81:1753-1757.

Marchesi C, Paradis P, and Schiffrin EL (2008) Role of the renin-angiotensin
system in vascular inflammation. Trends Pharmacol Sci 29:367-374.

Maric C, Aldred GP, Harris PJ, and Alcorn D (1998) Angiotensin II inhibits growth
of cultured embryonic renomedullary interstitial cells through the AT2 receptor.
Kidney Int 53:92-99.

Marion E, Song O-R, Christophe T, Babonneau J, Fenistein D, Eyer J, Letournel F,
Henrion D, Clere N, Paille V, et al. (2014) Mycobacterial toxin induces analgesia
in buruli ulcer by targeting the angiotensin pathways. Cell 157:1565-1576.

Martin MM and Elton TS (1995) The sequence and genomic organization of the
human type 2 angiotensin II receptor. Biochem Biophys Res Commun 209:554—562.

Martinez-Meza S, Diaz J, Sandoval-Borquez A, Valenzuela-Valderrama M, Diaz-
Valdivia N, Rojas-Celis V, Contreras P, Huilcaman R, Ocaranza MP, Chiong M,
et al. (2019) AT2 receptor mediated activation of the tyrosine phosphatase
PTP1B blocks caveolin-1 enhanced migration, invasion and metastasis of cancer
cells. Cancers (Basel) 11:E1299.

class of
system.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Matavelli LC, Huang J, and Siragy HM (2011) Angiotensin ATy receptor
stimulation inhibits early renal inflammation in renovascular hypertension.
Hypertension 57:308-313.

Matavelli LC, Zatz R, and Siragy HM (2015) A nonpeptide angiotensin II type 2
receptor agonist prevents renal inflammation in early diabetes. J Cardiovasc
Pharmacol 65:371-376.

Mateos L, Perez-Alvarez MdJ, and Wandosell F (2016) Angiotensin II type-2
receptor stimulation induces neuronal VEGF synthesis after cerebral ischemia.
Biochim Biophys Acta 1862:1297-1308.

Matrougui K, Lévy BI, and Henrion D (2000) Tissue angiotensin II and endothelin-
1 modulate differently the response to flow in mesenteric resistance arteries of
normotensive and spontaneously hypertensive rats. Br J Pharmacol
130:521-526.

Matrougui K, Loufrani L, Heymes C, Lévy BI, and Henrion D (1999) Activation of
AT(2) receptors by endogenous angiotensin II is involved in flow-induced dilation
in rat resistance arteries. Hypertension 34:659-665.

Matrougui K, Maclouf J, Lévy BI, and Henrion D (1997) Impaired nitric oxide- and
prostaglandin-mediated responses to flow in resistance arteries of hypertensive
rats. Hypertension 30:942-947.

Matsubara H (1998) Pathophysiological role of angiotensin II type 2 receptor in
cardiovascular and renal diseases. Circ Res 83:1182-1191.

Matsumoto T, Ozono R, Oshima T, Matsuura H, Sueda T, Kajiyama G, and Kambe
M (2000) Type 2 angiotensin II receptor is downregulated in cardiomyocytes of
patients with heart failure. Cardiovasc Res 46:73-81.

Matsushita K, Wu Y, Pratt RE, and Dzau VJ (2016) Deletion of angiotensin II type
2 receptor accelerates adipogenesis in murine mesenchymal stem cells via
Wnt10b/beta-catenin signaling. Lab Invest 96:909-917.

Maul B, von Bohlen und Halbach O, Becker A, Sterner-Kock A, Voigt J-P, Siems W-
E, Grecksch G, and Walther T (2008) Impaired spatial memory and altered
dendritic spine morphology in angiotensin II type 2 receptor-deficient mice.
Mol Med (Berl) 86:563-571.

McCarthy CA, Facey LdJ, and Widdop RE (2014a) The protective arms of the renin-
angiontensin system in stroke. Curr Hypertens Rep 16:440.

McCarthy CA, Vinh A, Broughton BRS, Sobey CG, Callaway JK, and Widdop RE
(2012) Angiotensin II type 2 receptor stimulation initiated after stroke causes
neuroprotection in conscious rats. Hypertension 60:1531-1537.

McCarthy CA, Vinh A, Callaway JK, and Widdop RE (2009) Angiotensin AT2
receptor stimulation causes neuroprotection in a conscious rat model of stroke.
Stroke 40:1482-1489.

McCarthy CA, Vinh A, Miller AA, Hallberg A, Alterman M, Callaway JK, and
Widdop RE (2014b) Direct angiotensin AT2 receptor stimulation using a novel
AT2 receptor agonist, compound 21, evokes neuroprotection in conscious
hypertensive rats. PLoS One 9:€95762.

McLaughlin T, Sherman A, Tsao P, Gonzalez O, Yee G, Lamendola C, Reaven GM,
and Cushman SW (2007) Enhanced proportion of small adipose cells in insulin-
resistant vs insulin-sensitive obese individuals implicates impaired adipogenesis.
Diabetologia 50:1707-1715.

McMullen JR, Gibson KJ, Lumbers ER, Burrell JH, and Wu J (1999) Interactions
between AT1 and AT2 receptors in uterine arteries from pregnant ewes. Eur J
Pharmacol 378:195-202.

Menk M, Graw JA, von Haefen C, Steinkraus H, Lachmann B, Spies CD, and
Schwaiberger D (2018) Angiotensin II type 2 receptor agonist Compound 21
attenuates pulmonary inflammation in a model of acute lung injury. J Inflamm
Res 11:169-178.

Mertens B, Vanderheyden P, Michotte Y, and Sarre S (2010) Direct angiotensin II
type 2 receptor stimulation decreases dopamine synthesis in the rat striatum.
Neuropharmacology 58:1038-1044.

Metcalfe BL, Huentelman MJ, Parilak LD, Taylor DG, Katovich MdJ, Knot HdJ,
Sumners C, and Raizada MK (2004) Prevention of cardiac hypertrophy by
angiotensin II type-2 receptor gene transfer. Hypertension 43:1233-1238.

Millan MA, Carvallo P, Izumi S, Zemel S, Catt KJ, and Aguilera G (1989) Novel
sites of expression of functional angiotensin II receptors in the late gestation
fetus. Science 244:1340-1342.

Min L-J, Mogi M, Tsukuda K, Jing F, Ohshima K, Nakaoka H, Kan-No H, Wang X-
L, Chisaka T, Bai H-Y, et al. (2014) Direct stimulation of angiotensin II type 2
receptor initiated after stroke ameliorates ischemic brain damage. Am J
Hypertens 27:1036-1044.

Mirabito KM, Hilliard LM, Kett MM, Brown RD, Booth SC, Widdop RE, Moritz
KM, Evans RG, and Denton KM (2014) Sex- and age-related differences in the
chronic pressure-natriuresis relationship: role of the angiotensin type 2 receptor.
Am J Physiol Renal Physiol 307:F901-F907.

Miranda DM, Dos Santos Jr AC, Sarubi HC, Bastos-Rodrigues L, Rosa DV, Freitas
IS, De Marco LA, Oliveira EA, and Simoes e Silva AC (2014) Association of
angiotensin type 2 receptor gene polymorphisms with ureteropelvic junction
obstruction in Brazilian patients. Nephrology (Carlton) 19:714-720.

Mirzahosseini G, Ismael S, Ahmed HA, and Ishrat T (2021) Manifestation of renin
angiotensin system modulation in traumatic brain injury. Metab Brain Dis
36:1079-1086.

Mishra JS, Gopalakrishnan K, and Kumar S (2018) Pregnancy upregulates
angiotensin type 2 receptor expression and increases blood flow in uterine
arteries of rats. Biol Reprod 99:1091-1099.

Mishra JS and Kumar S (2021) Activation of angiotensin type 2 receptor
attenuates testosterone-induced hypertension and uterine vascular resistance in
pregnant ratst. Biol Reprod 105:192—-203.

Mishra JS, Te Riele GM, Qi Q-R, Lechuga TdJ, Gopalakrishnan K, Chen D-B, and
Kumar S (2019) Estrogen receptor-f mediates estradiol-induced pregnancy-
specific uterine artery endothelial cell angiotensin type-2 receptor expression.
Hypertension 74:967-974.

1127

Miura S and Karnik SS (1999) Angiotensin II type 1 and type 2 receptors bind
angiotensin II through different types of epitope recognition. J Hypertens
17:397-404.

Miura S, Karnik SS, and Saku K (2005) Constitutively active homo-oligomeric
angiotensin II type 2 receptor induces cell signaling independent of receptor
conformation and ligand stimulation. J Biol Chem 280:18237-18244.

Miyagi H, Asada H, Suzuki M, Takahashi Y, Yasunaga M, Suno C, Iwata S, and
Saito J-I (2020) The discovery of a new antibody for BRIL-fused GPCR structure
determination. Sci Rep 10:11669.

Miyata N, Park F, Li XF, and Cowley Jr AW (1999) Distribution of angiotensin AT1
and AT2 receptor subtypes in the rat kidney. Am JJ Physiol 277:F437-F446.

Moeller I, Allen AM, Chai SY, Zhuo J, and Mendelsohn FA (1998) Bioactive
angiotensin peptides. J Hum Hypertens 12:289-293.

Mogenson GdJ, Yang CR, and Yim CY (1988) Influence of dopamine on limbic inputs
to the nucleus accumbens. Ann N Y Acad Sci 537:86—100.

Mogi M and Horiuchi M (2009) Effects of angiotensin II receptor blockers on
dementia. Hypertens Res 32:738-740.

Mogi M, Iwanami J, and Horiuchi M (2012) Roles of brain angiotensin II in
cognitive function and dementia. Int J Hypertens 2012:169649.

Mogi M, Li J-M, Iwanami J, Min L-J, Tsukuda K, Iwai M, and Horiuchi M (2006)
Angiotensin II type-2 receptor stimulation prevents neural damage by
transcriptional activation of methyl methanesulfonate sensitive 2. Hypertension
48:141-148.

Mohammed M, Johnson DN, Wang LA, Harden SW, Sheng W, Spector EA,
Elsaafien K, Bader M, Steckelings UM, Scott KA, Frazier CJ, Sumners C,
Krause EG, and de Kloet AD (2021) Targeting angiotensin type 2 receptors
located on pressor neurons in the nucleus of the solitary tract to relieve
hypertension in mice. Cardiovasc Res 118:883-896.

Molina A, Velot L, Ghouinem L, Abdelkarim M, Bouchet BP, Luissint A-C, Bouhlel
I, Morel M, Sapharikas E, Di Tommaso A, et al. (2013) ATIP3, a novel prognostic
marker of breast cancer patient survival, limits cancer cell migration and slows
metastatic progression by regulating microtubule dynamics. Cancer Res
73:2905-2915.

Montagutelli X (2000) Effect of the genetic background on the phenotype of mouse
mutations. J Am Soc Nephrol 11 (Suppl 16):5101-S105.

Moore SA, Huang N, Hinthong O, Andres RD, Grammatopoulos TN, and
Weyhenmeyer JA (2004) Human angiotensin II type-2 receptor inhibition of
insulin-mediated ERK-2 activity via a G-protein coupled signaling pathway.
Brain Res Mol Brain Res 124:62—69.

Moore SA, Patel AS, Huang N, Lavin BC, Grammatopoulos TN, Andres RD, and
Weyhenmeyer JA (2002) Effects of mutations in the highly conserved DRY motif
on binding affinity, expression, and G-protein recruitment of the human
angiotensin II type-2 receptor. Brain Res Mol Brain Res 109:161-167.

Moreno-Santos B, Marchi-Coelho C, Costa-Ferreira W, and Crestani CC (2021)
Angiotensinergic receptors in the medial amygdaloid nucleus differently
modulate behavioral responses in the elevated plus-maze and forced swimming
test in rats. Behav Brain Res 397:112947.

Morrissey JJ and Klahr S (1999) Effect of AT2 receptor blockade on the
pathogenesis of renal fibrosis. Am J Physiol 276:F39-F45.

Mukoyama M, Nakajima M, Horiuchi M, Sasamura H, Pratt RE, and Dzau VJ
(1993) Expression cloning of type 2 angiotensin II receptor reveals a unique class
of seven-transmembrane receptors. J Biol Chem 268:24539-24542.

Munoz MC, Burghi V, Miquet JG, Cervino IA, Quiroga DT, Mazziotta L, and
Dominici FP (2017) Chronic blockade of the AT2 receptor with PD123319 impairs
insulin signaling in C57BL/6 mice. Peptides 88:37—45.

Muralidharan A, Wyse BD, and Smith MT (2014) Analgesic efficacy and mode of
action of a selective small molecule angiotensin II type 2 receptor antagonist in a
rat model of prostate cancer-induced bone pain. Pain Med 15:93-110.

Murasawa S, Matsubara H, Kijima K, Maruyama K, Ohkubo N, Mori Y, Iwasaka T,
and Inada M (1996) Down-regulation by cAMP of angiotensin II type 2 receptor
gene expression in PC12 cells. Hypertens Res 19:271-279.

Murugaiah AMS, Wallinder C, Mahalingam AK, Wu X, Wan Y, Plouffe B, Botros
M, Karlén A, Hallberg M, Gallo-Payet N, et al. (2007) Selective angiotensin II
AT(2) receptor agonists devoid of the imidazole ring system. Bioorg Med Chem
15:7166-7183.

Murugaiah AMS, Wu X, Wallinder C, Mahalingam AK, Wan Y, Skold C, Botros M,
Guimond M-O, Joshi A, Nyberg F, et al. (2012) From the first selective non-
peptide AT(2) receptor agonist to structurally related antagonists. J Med Chem
55:2265-2278.

Nabeshima Y, Tazuma S, Kanno K, Hyogo H, Iwai M, Horiuchi M, and Chayama K
(2006) Anti-fibrogenic function of angiotensin II type 2 receptor in CCl4-induced
liver fibrosis. Biochem Biophys Res Commun 346:658—664.

Nag S, Khan MA, Samuel P, Ali Q, and Hussain T (2015) Chronic angiotensin
AT2R activation prevents high-fat diet-induced adiposity and obesity in female
mice independent of estrogen. Metabolism 64:814-825.

Nag S, Patel S, Mani S, and Hussain T (2019) Role of angiotensin type 2 receptor
in improving lipid metabolism and preventing adiposity. Mol Cell Biochem
461:195-204.

Naito T, Ma L-J, Yang H, Zuo Y, Tang Y, Han JY, Kon V, and Fogo AB (2010)
Angiotensin type 2 receptor actions contribute to angiotensin type 1 receptor
blocker effects on kidney fibrosis. Am  Physiol Renal Physiol 298:F683-F691.

Nakajima M, Hutchinson HG, Fujinaga M, Hayashida W, Morishita R, Zhang L,
Horiuchi M, Pratt RE, and Dzau VJ (1995) The angiotensin II type 2 (ATZ2)
receptor antagonizes the growth effects of the AT1 receptor: gain-of-function
study using gene transfer. Proc Natl Acad Sci USA 92:10663-10667.

Nakajima M, Mukoyama M, Pratt RE, Horiuchi M, and Dzau VJ (1993) Cloning of
c¢DNA and analysis of the gene for mouse angiotensin II type 2 receptor. Biochem
Biophys Res Commun 197:393-399.

Nakajima T, Chishima F, Nakao T, Hayashi C, Kasuga A, Shinya K, Nakayama T,
Azuma H, Ichikawa G, Komatsu A, et al. (2018) The expression of MAS1, an



1128

angiotensin (1-7) receptor, in the eutopic proliferative endometria of endometriosis
patients. Gynecol Obstet Invest 83:600—607.

Nakaoka H, Mogi M, Kan-No H, Tsukuda K, Ohshima K, Wang X-L, Chisaka T,
Bai H-Y, Shan B-S, Kukida M, et al. (2015) Angiotensin II type 2 receptor
signaling affects dopamine levels in the brain and prevents binge eating disorder.
J Renin Angiotensin Aldosterone Syst 16:749-757.

Nakaoka H, Mogi M, Suzuki J, Kan-No H, Min L-J, Iwanami J, and Horiuchi M
(2016) Interferon regulatory factor 1 attenuates vascular remodeling; roles of
angiotensin II type 2 receptor. J Am Soc Hypertens 10:811-818.

Nalbandyan A, Shenoy A, Steckelings UM, Katovich M, and Shenoy V (2018)
Compound 21 (C21), a selective angiotensin type 2 (AT2) receptor agonist
attenuates bleomycin induced alveolar epithelial cell death. The FASEB Journal
32 (Suppl 1):829.7 DOI: 10.1096/fasebj.2018.32.1_supplement.829.7.

Namsolleck P, Boato F, Schwengel K, Paulis L, Matho KS, Geurts N, Thone-
Reineke C, Lucht K, Seidel K, Hallberg A, et al. (2013) AT2-receptor stimulation
enhances axonal plasticity after spinal cord injury by upregulating BDNF
expression. Neurobiol Dis 51:177-191.

Namsolleck P, Recarti C, Foulquier S, Steckelings UM, and Unger T (2014) AT(2)
receptor and tissue injury: therapeutic implications. Curr Hypertens Rep 16:416.
Namsolleck P, Richardson A, Moll GN, and Mescheder A (2021) LP2, the first
lanthipeptide GPCR agonist in a human pharmacokinetics and safety study.

Peptides 136:170468.

Nasser M, Clere N, Botelle L, Javellaud J, Oudart N, Faure S, and Achard J-M
(2014) Opposite effects of angiotensins receptors type 2 and type 4 on
streptozotocin induced diabetes vascular alterations in mice. Cardiovasc Diabetol
13:40.

Nehlig A, Seiler C, Steblyanko Y, Dingli F, Arras G, Loew D, Welburn J, Prigent C,
Barisic M, and Nahmias C (2021) Reciprocal regulation of Aurora kinase A and
ATIP3 in the control of metaphase spindle length. Cell Mol Life Sci
78:1765-1779.

Nehme A, Cerutti C, Dhaouadi N, Gustin MP, Courand P-Y, Zibara K, and Bricca
G (2015) Atlas of tissue renin-angiotensin-aldosterone system in human: a
transcriptomic meta-analysis. Sci Rep 5:10035.

Nielsen AH, Hagemann A, Svenstrup B, Nielsen J, and Poulsen K (1994)
Angiotensin II receptor density in bovine ovarian follicles relates to tissue renin
and follicular size. Clin Exp Pharmacol Physiol 21:463—-469.

Nio Y, Matsubara H, Murasawa S, Kanasaki M, and Inada M (1995) Regulation of
gene transcription of angiotensin II receptor subtypes in myocardial infarction. J
Clin Invest 95:46-54.

Noda K, Saad Y, and Karnik SS (1995) Interaction of Phe8 of angiotensin II with
Lys199 and His256 of AT1 receptor in agonist activation. J Biol Chem
270:28511-28514.

Noll C, Labbé SM, Pinard S, Shum M, Bilodeau L, Chouinard L, Phoenix S,
Lecomte R, Carpentier AC, and Gallo-Payet N (2015) Postprandial fatty acid
uptake and adipocyte remodeling in angiotensin type 2 receptor-deficient mice
fed a high-fat/high-fructose diet. Adipocyte 5:43-52.

Nora EH, Munzenmaier DH, Hansen-Smith FM, Lombard JH, and Greene AS
(1998) Localization of the ANG II type 2 receptor in the microcirculation of
skeletal muscle. Am J Physiol 275:H1395-H1403.

Norwood VF, Craig MR, Harris JM, and Gomez RA (1997) Differential expression
of angiotensin II receptors during early renal morphogenesis. Am J Physiol
272:R662-R668.

Nouet S, Amzallag N, Li J-M, Louis S, Seitz I, Cui T-X, Alleaume A-M, Di
Benedetto M, Boden C, Masson M, et al. (2004) Trans-inactivation of receptor
tyrosine kinases by novel angiotensin II AT2 receptor-interacting protein, ATIP.
o Biol Chem 279:28989-28997.

Nozu T, Miyagishi S, Nozu R, Ishioh M, Takakusaki K, and Okumura T (2021)
EMA401, an angiotensin II type 2 receptor antagonist blocks visceral
hypersensitivity and colonic hyperpermeability in rat model of irritable bowel
syndrome. J Pharmacol Sci 146:121-124.

Nuyt AM, Lenkei Z, Corvol P, Palkovits M, and Llorens-Cortés C (2001) Ontogeny
of angiotensin II type 1 receptor mRNAs in fetal and neonatal rat brain. J Comp
Neurol 440:192-203.

Obermiiller N, Gentili M, Gauer S, Gretz N, Weigel M, Geiger H, and Gassler N
(2004) Immunohistochemical and mRNA localization of the angiotensin II
receptor subtype 2 (AT2) in follicular granulosa cells of the rat ovary. J
Histochem Cytochem 52:545-548.

Obermiiller N, Schlamp D, Hoffmann S, Gentili M, Inagami T, Gretz N, and Weigel
M (1998) Localization of the mRNA for the angiotensin II receptor subtype 2
(AT2) in follicular granulosa cells of the rat ovary by nonradioactive in situ
hybridization. J Histochem Cytochem 46:865-870.

Obermiiller N, Unger T, Culman J, Gohlke P, de Gasparo M, and Bottari SP (1991)
Distribution of angiotensin II receptor subtypes in rat brain nuclei. Neurosci Lett
132:11-15.

Obst M, Gross V, Janke J, Wellner M, Schneider W, and Luft FC (2003) Pressure
natriuresis in AT(2) receptor-deficient mice with L-NAME hypertension. J Am
Soc Nephrol 14:303-310.

Ocaranza MP, Lavandero S, Jalil JE, Moya J, Pinto M, Novoa U, Apablaza F,
Gonzalez L, Hernandez C, Varas M, et al. (2010) Angiotensin-(1-9) regulates
cardiac hypertrophy in vivo and in vitro. J Hypertens 28:1054-1064.

Ocaranza MP, Moya J, Barrientos V, Alzamora R, Hevia D, Morales C, Pinto M,
Escudero N, Garcia L, Novoa U, et al. (2014) Angiotensin-(1-9) reverses
experimental hypertension and cardiovascular damage by inhibition of the
angiotensin converting enzyme/Ang II axis. J Hypertens 32:771-783.

Ohshima K, Mogi M, Jing F, Iwanami J, Tsukuda K, Min L-J, Ogimoto A, Dahlof
B, Steckelings UM, Unger T, et al. (2012) Direct angiotensin II type 2 receptor
stimulation ameliorates insulin resistance in type 2 diabetes mice with PPARy
activation. PLoS One 7:48387.

Steckelings et al.

Oishi Y, Ozono R, Yano Y, Teranishi Y, Akishita M, Horiuchi M, Oshima T, and
Kambe M (2003) Cardioprotective role of AT2 receptor in postinfarction left
ventricular remodeling. Hypertension 41:814-818.

Oishi Y, Ozono R, Yoshizumi M, Akishita M, Horiuchi M, and Oshima T (2006) AT2
receptor mediates the cardioprotective effects of AT1 receptor antagonist in post-
myocardial infarction remodeling. Life Sci 80:82—88.

Okumura M, Iwai M, Ide A, Mogi M, Ito M, and Horiuchi M (2005) Sex difference
in vascular injury and the vasoprotective effect of valsartan are related to
differential AT2 receptor expression. Hypertension 46:577-583.

Okumura M, Iwai M, Nakaoka H, Sone H, Kanno H, Senba I, Ito M, and Horiuchi
M (2011) Possible involvement of AT2 receptor dysfunction in age-related gender
difference in vascular remodeling. J Am Soc Hypertens 5:76-84.

Okuyama S, Sakagawa T, Chaki S, Imagawa Y, Ichiki T, and Inagami T (1999)
Anxiety-like behavior in mice lacking the angiotensin II type-2 receptor. Brain
Res 821:150-159.

Ondetti MA, Rubin B, and Cushman DW (1977) Design of specific inhibitors of
angiotensin-converting enzyme: new class of orally active antihypertensive
agents. Science 196:441-444.

Oshima K, Miyazaki Y, Brock 3rd JW, Adams MC, Ichikawa I, and Pope 4th JC
(2001) Angiotensin type II receptor expression and ureteral budding. J Urol
166:1848-1852.

Otsuka S, Sugano M, Makino N, Sawada S, Hata T, and Niho Y (1998) Interaction
of mRNAs for angiotensin II type 1 and type 2 receptors to vascular remodeling
in spontaneously hypertensive rats. Hypertension 32:467-472.

Ozawa Y, Suzuki Y, Murakami K, and Miyazaki H (1996) The angiotensin II type 2
receptor primarily inhibits cell growth via pertussis toxin-sensitive G proteins.
Biochem Biophys Res Commun 228:328-333.

Ozono R, Wang ZQ, Moore AF, Inagami T, Siragy HM, and Carey RM (1997)
Expression of the subtype 2 angiotensin (AT2) receptor protein in rat kidney.
Hypertension 30:1238-1246.

Padia SH, Howell NL, Siragy HM, and Carey RM (2006) Renal angiotensin type 2
receptors mediate natriuresis via angiotensin III in the angiotensin II type 1
receptor-blocked rat. Hypertension 47:537-544.

Padia SH, Kemp BA, Howell NL, Fournie-Zaluski M-C, Roques BP, and Carey RM
(2008) Conversion of renal angiotensin II to angiotensin III is critical for AT2
receptor-mediated natriuresis in rats. Hypertension 51:460-465.

Padia SH, Kemp BA, Howell NL, Keller SR, Gildea JJ, and Carey RM (2012)
Mechanisms of dopamine D(1) and angiotensin type 2 receptor interaction in
natriuresis. Hypertension 59:437-445.

Padia SH, Kemp BA, Howell NL, Siragy HM, Fournie-Zaluski M-C, Roques BP,
and Carey RM (2007) Intrarenal aminopeptidase N inhibition augments
natriuretic responses to angiotensin III in angiotensin type 1 receptor-blocked
rats. Hypertension 49:625-630.

Paizis G, Cooper ME, Schembri JM, Tikellis C, Burrell LM, and Angus PW (2002)
Up-regulation of components of the renin-angiotensin system in the bile duct-
ligated rat liver. Gastroenterology 123:1667-1676.

Palm F, Connors SG, Mendonca M, Welch WJ, and Wilcox CS (2008) Angiotensin II
type 2 receptors and nitric oxide sustain oxygenation in the clipped kidney of
early Goldblatt hypertensive rats. Hypertension 51:345-351.

Pals DT, Masucci FD, Denning Jr GS, Sipos F, and Fessler DC (1971) Role of the
pressor action of angiotensin II in experimental hypertension. Circ Res
29:673-681.

Pandey A and Gaikwad AB (2017) Compound 21 and telmisartan combination
mitigates type 2 diabetic nephropathy through amelioration of caspase mediated
apoptosis. Biochem Biophys Res Commun 487:827-833.

Pandey A, Goru SK, Kadakol A, Malek V, and Gaikwad AB (2015) Differential
regulation of angiotensin converting enzyme 2 and nuclear factor-«B by
angiotensin II receptor subtypes in type 2 diabetic kidney. Biochimie 118:71-81.

Papp M, Li X, Zhuang J, Wang R, and Uhal BD (2002) Angiotensin receptor
subtype AT(1) mediates alveolar epithelial cell apoptosis in response to ANG II.
Am J Physiol Lung Cell Mol Physiol 282:1.713-1L.718.

Parra ER, Ruppert ADP, and Capelozzi VL (2014) Angiotensin II type 1 and 2
receptors and lymphatic vessels modulate lung remodeling and fibrosis in
systemic sclerosis and idiopathic pulmonary fibrosis. Clinics (Sao Paulo)
69:47-54.

Patel SN, Ali Q, and Hussain T (2016) Angiotensin II type 2-receptor agonist C21
reduces proteinuria and oxidative stress in kidney of high-salt-fed obese Zucker
rats. Hypertension 67:906-915.

Patel SN, Ali Q, Samuel P, Steckelings UM, and Hussain T (2017) Angiotensin II
type 2 receptor and receptor Mas are colocalized and functionally interdependent
in obese Zucker rat kidney. Hypertension 70:831-838.

Patel SN, Fatima N, Ali R, and Hussain T (2020) Emerging Role of angiotensin
AT?2 receptor in anti-inflammation: an update. Curr Pharm Des 26:492-500.

Paul M, Poyan Mehr A, and Kreutz R (2006) Physiology of local renin-angiotensin
systems. Physiol Rev 86:747-803.

Paulis L, Becker STR, Lucht K, Schwengel K, Slavic S, Kaschina E, Thone-Reineke
C, Dahlof B, Baulmann J, Unger T, et al. (2012) Direct angiotensin II type 2
receptor stimulation in Nw-nitro-L-arginine-methyl ester-induced hypertension:
the effect on pulse wave velocity and aortic remodeling. Hypertension
59:485-492.

Paz Ocaranza M, Riquelme JA, Garcia L, Jalil JE, Chiong M, Santos RAS, and
Lavandero S (2020) Counter-regulatory renin-angiotensin system in
cardiovascular disease. Nat Rev Cardiol 17:116-129.

Pei N, Jie F, Luo J, Wan R, Zhang Y, Chen X, Liang Z, Du H, Li A, Chen B, et al.
(2014) Gene expression profiling associated with angiotensin II type 2 receptor-
induced apoptosis in human prostate cancer cells. PLoS One 9:€92253.

Pei N, Mao Y, Wan P, Chen X, Li A, Chen H, Li J, Wan R, Zhang Y, Du H, et al.
(2017) Angiotensin II type 2 receptor promotes apoptosis and inhibits
angiogenesis in bladder cancer. J Exp Clin Cancer Res 36:77.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Peluso AA, Bertelsen JB, Andersen K, Mortsensen TP, Hansen PB, Sumners C,
Bader M, Santos RA, and Steckelings UM (2018) Identification of protein
phosphatase involvement in the ATs receptor-induced activation of endothelial
nitric oxide synthase. Clin Sci (Lond) 132:777-790.

Peluso AAB, Kempf SJ, Verano-Brega T, Rodrigues-Ribeiro L, Johansen LE, Hansen
MR, Kitlen G, Haugaard AH, Sumners C, Ditzel HJ, et al. (2022) Quantitative
Phosphoproteomics of the Angiotensin AT2-Receptor Signaling Network Identifies
HDAC1 (Histone-Deacetylase-1) and p53 as Mediators of Anti-Proliferation and
Apoptosis. Hypertension DOI: 10.1161/HYPERTENSIONAHA.121.18620 [published
ahead of print].

Perazella MA and Setaro JF (2003) Renin-angiotensin-aldosterone system:
fundamental aspects and clinical implications in renal and cardiovascular
disorders. J Nucl Cardiol 10:184-196.

Perlman S, Costa-Neto CM, Miyakawa AA, Schambye HT, Hjorth SA, Paiva AC,
Rivero RA, Greenlee WJ, and Schwartz TW (1997) Dual agonistic and
antagonistic property of nonpeptide angiotensin AT1 ligands: susceptibility to
receptor mutations. Mol Pharmacol 51:301-311.

Perlman S, Schambye HT, Rivero RA, Greenlee WJ, Hjorth SA, and Schwartz TW
(1995) Non-peptide angiotensin agonist. Functional and molecular interaction
with the AT1 receptor. J Biol Chem 270:1493—-1496.

Perrotti D and Neviani P (2013) Protein phosphatase 2A: a target for anticancer
therapy. Lancet Oncol 14:€229-e238.

Peters B, Podlich D, Ritter M, Miiller A, Wanka H, Maser-Gluth C, Seitz C, de
Boni L, Maier E, Gretz N, et al. (2012) A new transgenic rat model
overexpressing the angiotensin II type 2 receptor provides evidence for inhibition
of cell proliferation in the outer adrenal cortex. Am J Physiol Endocrinol Metab
302:E1044-E1054.

Pettersson-Fernholm K, Frojdo S, Fagerudd J, Thomas MC, Forsblom C, Wessman
M, and Groop P-H; FinnDiane Study Group (2006) The AT2 gene may have a
gender-specific effect on kidney function and pulse pressure in type I diabetic
patients. Kidney Int 69:1880-1884.

Phipps EA, Thadhani R, Benzing T, and Karumanchi SA (2019) Pre-eclampsia:
pathogenesis, novel diagnostics and therapies. Nat Rev Nephrol 15:275-289.

Pickel L, Matsuzuka T, Doi C, Ayuzawa R, Maurya DK, Xie S-X, Berkland C, and
Tamura M (2010) Over-expression of angiotensin II type 2 receptor gene induces
cell death in lung adenocarcinoma cells. Cancer Biol Ther 9:277-285.

Pinaud F, Bocquet A, Dumont O, Retailleau K, Baufreton C, Andriantsitohaina R,
Loufrani L, and Henrion D (2007) Paradoxical role of angiotensin II type 2
receptors in resistance arteries of old rats. Hypertension 50:96—-102.

Piton A, Redin C, and Mandel J-L (2013) XLID-causing mutations and associated
genes challenged in light of data from large-scale human exome sequencing. Am
J Hum Genet 93:368-383.

Platten M, Youssef S, Hur EM, Ho PP, Han MH, Lanz TV, Phillips LK, Goldstein
MJ, Bhat R, Raine CS, et al. (2009) Blocking angiotensin-converting enzyme
induces potent regulatory T cells and modulates TH1- and TH17-mediated
autoimmunity. Proc Natl Acad Sci USA 106:14948-14953.

Pope 4th JC, Brock 3rd JW, Adams MC, Stephens FD, and Ichikawa I (1999) How
they begin and how they end: classic and new theories for the development and
deterioration of congenital anomalies of the kidney and urinary tract, CAKUT. J
Am Soc Nephrol 10:2018-2028.

Pope 4th JC, Nishimura H, and Ichikawa I (1998) Role of angiotensin in the
development of the kidney and urinary tract. Nephrologie 19:433-436.

Porrello ER, Pfleger KDG, Seeber RM, Qian H, Oro C, Abogadie F, Delbridge LMD,
and Thomas WG (2011) Heteromerization of angiotensin receptors changes
trafficking and arrestin recruitment profiles. Cell Signal 23:1767-1776.

Prabhu SD and Frangogiannis NG (2016) The biological basis for cardiac repair
after myocardial infarction: from inflammation to fibrosis. Circ Res 119:91-112.
Premer C, Lamondin C, Mitzey A, Speth RC, and Brownfield MS (2013)
Immunohistochemical localization of ATla, AT1lb, and AT2 angiotensin II
receptor subtypes in the rat adrenal, pituitary, and brain with a perspective

commentary. Int J Hypertens 2013:175428.

Pucell AG, Hodges JC, Sen I, Bumpus FM, and Husain A (1991) Biochemical
properties of the ovarian granulosa cell type 2-angiotensin II receptor.
Endocrinology 128:1947-1959.

Pulakat L, Cooper S, Knowle D, Mandavia C, Bruhl S, Hetrick M, and Gavini N
(2005) Ligand-dependent complex formation between the angiotensin II receptor
subtype AT2 and Na+/H+ exchanger NHE6 in mammalian cells. Peptides
26:863-873.

Pulakat L and Sumners C (2020) Angiotensin type 2 receptors: painful, or not?
Front Pharmacol 11:571994.

Pulgar VM, Yamashiro H, Rose JC, and Moore LG (2011) Role of the AT2 receptor
in modulating the angiotensin II contractile response of the uterine artery at
mid-gestation. J Renin Angiotensin Aldosterone Syst 12:176-183.

Qi Y, Li H, Shenoy V, Li Q, Wong F, Zhang L, Raizada MK, Sumners C, and
Katovich MdJ (2012) Moderate cardiac-selective overexpression of angiotensin II
type 2 receptor protects cardiac functions from ischaemic injury. Exp Physiol
97:89-101.

Quiroga DT, Miquet JG, Gonzalez L, Sotelo AI, Munoz MC, Geraldes PM, Giani JF,
and Dominici FP (2019) Mice lacking angiotensin type 2 receptor exhibit a sex-
specific attenuation of insulin sensitivity. Mol Cell Endocrinol 498:110587.

Quiroga DT, Munoz MC, Gil C, Pffeifer M, Toblli JE, Steckelings UM, Giani JF,
and Dominici FP (2018) Chronic administration of the angiotensin type 2
receptor agonist C21 improves insulin sensitivity in C57BL/6 mice. Physiol Rep
6:€13824.

Ranjit A, Khajehpour S, and Aghazadeh-Habashi A (2021) Update on angiotensin
IT subtype 2 receptor: focus on peptide and nonpeptide agonists. Mol Pharmacol
99:469-487.

Rathinasabapathy A, Horowitz A, Horton K, Kumar A, Gladson S, Unger T,
Martinez D, Bedse G, West J, Raizada MK, et al. (2018) The selective
angiotensin II type 2 receptor agonist, Compound 21, attenuates the progression

1129

of lung fibrosis and pulmonary hypertension in an experimental model of
bleomycin-induced lung injury. Front Physiol 9:180.

Regitz-Zagrosek V, Friedel N, Heymann A, Bauer P, Neuss M, Rolfs A, Steffen C,
Hildebrandt A, Hetzer R, and Fleck E (1995) Regulation, chamber localization,
and subtype distribution of angiotensin II receptors in human hearts.
Circulation 91:1461-1471.

Regitz-Zagrosek V, Neuss M, Warnecke C, Holzmeister J, Hildebrandt AG, and
Fleck E (1996) Subtype 2 and atypical angiotensin receptors in the human heart.
Basic Res Cardiol 91 (Suppl 2):73-77.

Regoli D, Park WK, and Rioux F (1974a) Pharmacology of angiotensin. Pharmacol
Rev 26:69-123.

Regoli D, Rioux F, Park WK, and Choi C (1974b) Role of the N-terminal amino acid
for the biological activities of angiotensin and inhibitory analogues. Can J
Physiol Pharmacol 52:39-49.

Rehman A, Leibowitz A, Yamamoto N, Rautureau Y, Paradis P, and Schiffrin EL
(2012) Angiotensin type 2 receptor agonist compound 21 reduces vascular injury
and myocardial fibrosis in stroke-prone spontaneously hypertensive rats.
Hypertension 59:291-299.

Reinecke K, Lucius R, Reinecke A, Rickert U, Herdegen T, and Unger T (2003)
Angiotensin II accelerates functional recovery in the rat sciatic nerve in vivo:
role of the AT2 receptor and the transcription factor NF-kappaB. FASEB J
17:2094-2096.

Reinemund J, Seidel K, Steckelings UM, Zaade D, Klare S, Rompe F, Katerbaum
M, Schacherl J, Li Y, Menk M, et al. (2009) Poly(ADP-ribose) polymerase-1
(PARP-1) transcriptionally regulates angiotensin AT2 receptor (AT2R) and AT2R
binding protein (ATBP) genes. Biochem Pharmacol 77:1795-1805.

Renna NF, de Las Heras N, and Miatello RM (2013) Pathophysiology of vascular
remodeling in hypertension. Int J Hypertens 2013:808353.

Rens-Domiano S, Law SF, Yamada Y, Seino S, Bell GI, and Reisine T (1992)
Pharmacological properties of two cloned somatostatin receptors. Mol Pharmacol
42:28-34.

Reynaert M-L, Dupoiron D, Yeramian E, Marsollier L, and Brodin P (2019) Could
mycolactone inspire new potent analgesics? Perspectives and pitfalls. Toxins
(Basel) 11:E516.

Rice ASC, Dworkin RH, Finnerup NB, Attal N, Anand P, Freeman R, Piaia A,
Callegari F, Doerr C, Mondal S, et al. (2021) Efficacy and safety of EMA401 in
peripheral neuropathic pain: results of 2 randomised, double-blind, phase 2
studies in patients with postherpetic neuralgia and painful diabetic neuropathy.
Pain 162:2578-2589.

Rice ASC, Dworkin RH, McCarthy TD, Anand P, Bountra C, McCloud PI, Hill J,
Cutter G, Kitson G, Desem N, et al.; EM A401-003 study group (2014) EMA401,
an orally administered highly selective angiotensin II type 2 receptor antagonist,
as a novel treatment for postherpetic neuralgia: a randomised, double-blind,
placebo-controlled phase 2 clinical trial. Lancet 383:1637-1647.

Richeldi L, Fernandez Pérez ER, Costabel U, Albera C, Lederer DJ, Flaherty KR,
Ettinger N, Perez R, Scholand MB, Goldin J, et al. (2020) Pamrevlumab, an anti-
connective tissue growth factor therapy, for idiopathic pulmonary fibrosis
(PRAISE): a phase 2, randomised, double-blind, placebo-controlled trial. Lancet
Respir Med 8:25-33.

Rigoli L, Chimenz R, di Bella C, Cavallaro E, Caruso R, Briuglia S, Fede C, and
Salpietro CD (2004) Angiotensin-converting enzyme and angiotensin type 2
receptor gene genotype distributions in Italian children with congenital
uropathies. Pediatr Res 56:988-993.

Rivas-Santisteban R, Rodriguez-Perez AI, Munoz A, Reyes-Resina I, Labandeira-
Garcia JL, Navarro G, and Franco R (2020) Angiotensin AT; and AT, receptor
heteromer expression in the hemilesioned rat model of Parkinson’s disease that
increases with levodopa-induced dyskinesia. J Neuroinflammation 17:243.

Robinson SW and Caron MG (1997) Selective inhibition of adenylyl cyclase type V
by the dopamine D3 receptor. Mol Pharmacol 52:508-514.

Rodrigues-Ferreira S, Di Tommaso A, Dimitrov A, Cazaubon S, Gruel N, Colasson
H, Nicolas A, Chaverot N, Molinié V, Reyal F, et al. (2009) 8p22 MTUS1 gene
product ATIP3 is a novel anti-mitotic protein underexpressed in invasive breast
carcinoma of poor prognosis. PLoS One 4:€7239.

Rodrigues-Ferreira S, Molina A, and Nahmias C (2020) Microtubule-associated
tumor suppressors as prognostic biomarkers in breast cancer. Breast Cancer Res
Treat 179:267-273.

Rodrigues-Ferreira S and Nahmias C (2010) An ATIPical family of angiotensin II
AT2 receptor-interacting proteins. Trends Endocrinol Metab 21:684—690.

Rodrigues-Ferreira S and Nahmias C (2015) G-protein coupled receptors of the
renin-angiotensin system: new targets against breast cancer? Front Pharmacol
6:24.

Rodriguez-Pallares J, Quiroz CR, Parga JA, Guerra MJ, and Labandeira-Garcia JL
(2004) Angiotensin II increases differentiation of dopaminergic neurons from
mesencephalic precursors via angiotensin type 2 receptors. Eur J Neurosci
20:1489-1498.

Rogg H, de Gasparo M, Graedel E, Stulz P, Burkart F, Eberhard M, and Erne P
(1996) Angiotensin II-receptor subtypes in human atria and evidence for
alterations in patients with cardiac dysfunction. Eur Heart J 17:1112-1120.

Rompe F, Artuc M, Hallberg A, Alterman M, Stréder K, Thone-Reineke C,
Reichenbach A, Schacherl J, Dahlof B, Bader M, et al. (2010a) Direct angiotensin
IT type 2 receptor stimulation acts anti-inflammatory through epoxyeicosatrienoic
acid and inhibition of nuclear factor kappaB. Hypertension 55:924-931.

Rompe F, Unger T, and Steckelings UM (2010b) The angiotensin AT2 receptor in
inflammation. Drug News Perspect 23:104—111.

Rosenbaum DM, Rasmussen SGF, and Kobilka BK (2009) The structure and
function of G-protein-coupled receptors. Nature 459:356-363.

Rosenstrom U, Skold C, Lindeberg G, Botros M, Nyberg F, Hallberg A, and Karlén
A (2004a) Synthesis and AT2 receptor-binding properties of angiotensin II
analogues. J Pept Res 64:194-201.



1130

Rosenstrom U, Skold C, Lindeberg G, Botros M, Nyberg F, Karlén A, and Hallberg
A (2004b) A selective AT2 receptor ligand with a gamma-turn-like mimetic
replacing the amino acid residues 4-5 of angiotensin II. J Med Chem 47:859-870.

Rosenstrom U, Skold C, Lindeberg G, Botros M, Nyberg F, Karlén A, and Hallberg
A (2006) Design, synthesis, and incorporation of a beta-turn mimetic in
angiotensin II forming novel pseudopeptides with affinity for AT1 and AT2
receptors. J Med Chem 49:6133-6137.

Rosenstrom U, Skold C, Plouffe B, Beaudry H, Lindeberg G, Botros M, Nyberg F,
Wolf G, Karlén A, Gallo-Payet N, et al. (2005) New selective AT2 receptor ligands
encompassing a gamma-turn mimetic replacing the amino acid residues 4-5 of
angiotensin II act as agonists. J Med Chem 48:4009-4024.

Rowe BP, Saylor DL, and Speth RC (1992) Analysis of angiotensin II receptor
subtypes in individual rat brain nuclei. Neuroendocrinology 55:563-573.

Roy S, Rai P, Eiymo Mwa Mpollo M-S, Chang K-H, Rizvi T, Shanmukhappa SK,
VandenHeuvel K, Aronow B, Inagami T, Cancelas JA, et al. (2018) Angiotensin
receptor signaling in sickle cell anemia has a reno-protective effect on urine
concentrating ability but results in sickle glomerulopathy. Am J Hematol
93:E177-E181.

Roy T, Petersen NN, Gopalan G, Gising J, Hallberg M, and Larhed M (2022) 2-
Alkyl substituted benzimidazoles as a new class of selective AT2 receptor
ligands. Bioorg Med Chem 66:116804.

Royea J, Lacalle-Aurioles M, Trigiani LJ, Fermigier A, and Hamel E (2020) AT2R’s
(angiotensin II type 2 receptor’s) role in cognitive and cerebrovascular deficits in
a mouse model of Alzheimer disease. Hypertension 75:1464-1474.

Ruchaya PJ, Speretta GF, Blanch GT, Li H, Sumners C, Menani JV, Colombari E,
and Colombari DSA (2016) Overexpression of AT2R in the solitary-vagal complex
improves baroreflex in the spontaneously hypertensive rat. Neuropeptides
60:29-36.

Saavedra JM and Armando I (2018) Angiotensin II AT2 receptors contribute to
regulate the sympathoadrenal and hormonal reaction to stress stimuli. Cell Mol
Neurobiol 38:85-108.

Sabri A, Levy BI, Poitevin P, Caputo L, Faggin E, Marotte F, Rappaport L, and
Samuel JL (1997) Differential roles of AT1 and AT2 receptor subtypes in
vascular trophic and phenotypic changes in response to stimulation with
angiotensin II. Arterioscler Thromb Vasc Biol 17:257-264.

Sabuhi R, Ali Q, Asghar M, Al-Zamily NRH, and Hussain T (2011) Role of the
angiotensin IT AT2 receptor in inflammation and oxidative stress: opposing effects in
lean and obese Zucker rats. Am J Physiol Renal Physiol 300:F700-F706.

Sakagawa T, Okuyama S, Kawashima N, Hozumi S, Nakagawasai O, Tadano T,
Kisara K, Ichiki T, and Inagami T (2000) Pain threshold, learning and formation
of brain edema in mice lacking the angiotensin II type 2 receptor. Life Sci
67:2577-2585.

Sakurai H and Nigam SK (1998) In vitro branching tubulogenesis: implications for
developmental and cystic disorders, nephron number, renal repair, and nephron
engineering. Kidney Int 54:14-26.

Sales VL, Sukhova GK, Lopez-Ilasaca MA, Libby P, Dzau VJ, and Pratt RE (2005)
Angiotensin type 2 receptor is expressed in murine atherosclerotic lesions and
modulates lesion evolution. Circulation 112:3328-3336.

Sallander J, Wallinder C, Hallberg A, Aqvist J, and Gutiérrez-de-Teran H (2016)
Structural determinants of subtype selectivity and functional activity of
angiotensin II receptors. Bioorg Med Chem Lett 26:1355-1359.

Salomone LdJ, Howell NL, McGrath HE, Kemp BA, Keller SR, Gildea JJ, Felder
RA, and Carey RM (2007) Intrarenal dopamine D1-like receptor stimulation
induces natriuresis via an angiotensin type-2 receptor mechanism. Hypertension
49:155-161.

Sampson AK, Hilliard LM, Moritz KM, Thomas MC, Tikellis C, Widdop RE, and
Denton KM (2012a) The arterial depressor response to chronic low-dose
angiotensin II infusion in female rats is estrogen dependent. Am J Physiol Regul
Integr Comp Physiol 302:R159-R165.

Sampson AK, Moritz KM, and Denton KM (2012b) Postnatal ontogeny of
angiotensin receptors and ACE2 in male and female rats. Gend Med 9:21-32.

Sampson AK, Moritz KM, Jones ES, Flower RL, Widdop RE, and Denton KM
(2008) Enhanced angiotensin II type 2 receptor mechanisms mediate decreases
in arterial pressure attributable to chronic low-dose angiotensin II in female
rats. Hypertension 52:666—671.

Samuel P, Khan MA, Nag S, Inagami T, and Hussain T (2013) Angiotensin AT(2)
receptor contributes towards gender bias in weight gain. PLoS One 8:e48425.

Sandmann S, Yu M, Kaschina E, Blume A, Bouzinova E, Aalkjaer C, and Unger T
(2001) Differential effects of angiotensin AT1 and AT2 receptors on the
expression, translation and function of the Na+-H+ exchanger and Na+-HCO3-
symporter in the rat heart after myocardial infarction. J Am Coll Cardiol
37:2154-2165.

Santos RA, Campagnole-Santos MJ, and Andrade SP (2000) Angiotensin-(1-7): an
update. Regul Pept 91:45-62.

Santos RAS, Castro CH, Gava E, Pinheiro SVB, Almeida AP, Paula RD, Cruz JS,
Ramos AS, Rosa KT, Irigoyen MC, et al. (2006) Impairment of in vitro and
in vivo heart function in angiotensin-(1-7) receptor MAS knockout mice.
Hypertension 47:996-1002.

Santos RAS and Ferreira AJ (2007) Angiotensin-(1-7) and the renin-angiotensin
system. Curr Opin Nephrol Hypertens 16:122-128.

Santos RAS, Oudit GY, Verano-Braga T, Canta G, Steckelings UM, and Bader M
(2019) The renin-angiotensin system: going beyond the classical paradigms. Am
o Physiol Heart Circ Physiol 316:H958-H970.

Santos RAS, Simoes e Silva AC, Maric C, Silva DMR, Machado RP, de Buhr I,
Heringer-Walther S, Pinheiro SVB, Lopes MT, Bader M, et al. (2003)
Angiotensin-(1-7) is an endogenous ligand for the G protein-coupled receptor
Mas. Proc Natl Acad Sci USA 100:8258-8263.

Sarlos S, Rizkalla B, Moravski CJ, Cao Z, Cooper ME, and Wilkinson-Berka JL
(2003) Retinal angiogenesis is mediated by an interaction between the
angiotensin type 2 receptor, VEGF, and angiopoietin. Am J Pathol 163:879-887.

Steckelings et al.

Sarlos S and Wilkinson-Berka JL (2005) The renin-angiotensin system and the
developing retinal vasculature. Invest Ophthalmol Vis Sci 46:1069-1077.

Sasamura H, Mifune M, Nakaya H, Amemiya T, Hiraki T, Nishimoto I, and Saruta
T (2000) Analysis of Galpha protein recognition profiles of angiotensin II
receptors using chimeric Galpha proteins. Mol Cell Endocrinol 170:113-121.

Savoia C, Ebrahimian T, He Y, Gratton J-P, Schiffrin EL, and Touyz RM (2006)
Angiotensin II/AT2 receptor-induced vasodilation in stroke-prone spontaneously
hypertensive rats involves nitric oxide and ¢cGMP-dependent protein kinase.
Hypertens 24:2417-2422.

Savoia C, Tabet F, Yao G, Schiffrin EL, and Touyz RM (2005) Negative regulation
of RhoA/Rho kinase by angiotensin II type 2 receptor in vascular smooth muscle
cells: role in angiotensin II-induced vasodilation in stroke-prone spontaneously
hypertensive rats. J Hypertens 23:1037-1045.

Savoia C, Touyz RM, Volpe M, and Schiffrin EL (2007) Angiotensin type 2 receptor
in resistance arteries of type 2 diabetic hypertensive patients. Hypertension
49:341-346.

Schauser KH, Nielsen AH, Winther H, Dantzer V, and Poulsen K (2001)
Localization of the renin-angiotensin system in the bovine ovary: cyclic variation
of the angiotensin II receptor expression. Biol Reprod 65:1672—-1680.

Schinzari F, Tesauro M, Rovella V, Adamo A, Mores N, and Cardillo C (2011)
Coexistence of functional angiotensin II type 2 receptors mediating both
vasoconstriction and vasodilation in humans. J Hypertens 29:1743-1748.

Schmieder RE, Erdmann J, Delles C, Jacobi J, Fleck E, Hilgers K, and Regitz-
Zagrosek V (2001) Effect of the angiotensin II type 2-receptor gene (+1675 G/A)
on left ventricular structure in humans. J Am Coll Cardiol 37:175-182.

Schulz EG and Heard E (2013) Role and control of X chromosome dosage in
mammalian development. Curr Opin Genet Dev 23:109-115.

Schwengel K, Namsolleck P, Lucht K, Clausen BH, Lambertsen KL, Valero-
Esquitino V, Thone-Reineke C, Miller S, Widdop RE, Denton KM, et al. (2016)
Angiotensin AT2-receptor stimulation improves survival and neurological
outcome after experimental stroke in mice. J Mol Med (Berl) 94:957-966.

Sechi LA, Griffin CA, Grady EF, Kalinyak JE, and Schambelan M (1992)
Characterization of angiotensin II receptor subtypes in rat heart. Circ Res
71:1482-1489.

Sechi LA, Valentin JP, Griffin CA, and Schambelan M (1993) Autoradiographic
characterization of angiotensin II receptor subtypes in rat intestine. Am oJ
Physiol 265:G21-G27.

Seguin LR, Villarreal RS, and Ciuffo GM (2012) ATsreceptors recruit c-Src, SHP-1
and FAK upon activation by Ang II in PND15 rat hindbrain. Neurochem Int
60:199-207.

Seibold S, Rudroff C, Weber M, Galle J, Wanner C, and Marx M (2003)
Identification of a new tumor suppressor gene located at chromosome 8p21.3-22.
FASEB J 17:1180-1182.

Seidel K, Kirsch S, Lucht K, Zaade D, Reinemund J, Schmitz J, Klare S, Li Y,
Schefe JH, Schmerbach K, et al. (2011) The promyelocytic leukemia zinc finger
(PLZF) protein exerts neuroprotective effects in neuronal cells and is
dysregulated in experimental stroke. Brain Pathol 21:31-43.

Senanayake PD, Drazba J, Shadrach K, Milsted A, Rungger-Brandle E, Nishiyama
K, Miura S-1, Karnik S, Sears JE, and Hollyfield JG (2007) Angiotensin II and
its receptor subtypes in the human retina. Invest Ophthalmol Vis Sci
48:3301-3311.

Senbonmatsu T, Ichihara S, Price Jr E, Gaffney FA, and Inagami T (2000)
Evidence for angiotensin II type 2 receptor-mediated cardiac myocyte
enlargement during in vivo pressure overload. J Clin Invest 106:R25-R29.

Senbonmatsu T, Saito T, Landon EJ, Watanabe O, Price Jr E, Roberts RL, Imboden
H, Fitzgerald TG, Gaffney FA, and Inagami T (2003) A novel angiotensin II type
2 receptor signaling pathway: possible role in cardiac hypertrophy. EMBO J
22:6471-6482.

Shan B-S, Mogi M, Iwanami J, Bai H-Y, Kan-No H, Higaki A, Min L-J, and
Horiuchi M (2018) Attenuation of stroke damage by angiotensin II type 2
receptor stimulation via peroxisome proliferator-activated receptor-gamma
activation. Hypertens Res 41:839-848.

Shanmugam S, Corvol P, and Gasc JM (1996) Angiotensin II type 2 receptor mRNA
expression in the developing cardiopulmonary system of the rat. Hypertension
28:91-97.

Shanmugam S, Lenkei ZG, Gasc JM, Corvol PL, and Llorens-Cortes CM (1995a)
Ontogeny of angiotensin II type 2 (AT2) receptor mRNA in the rat. Kidney Int
47:1095-1100.

Shanmugam S, Llorens-Cortes C, Clauser E, Corvol P, and Gasc JM (1995b)
Expression of angiotensin II AT2 receptor mRNA during development of rat
kidney and adrenal gland. Am J Physiol 268:F922-F930.

Shanmugam S and Sandberg K (1996) Ontogeny of angiotensin II receptors. Cell
Biol Int 20:169-176.

Shao C, Yu L, and Gao L (2014) Activation of angiotensin type 2 receptors partially
ameliorates streptozotocin-induced diabetes in male rats by islet protection.
Endocrinology 155:793-804.

Shao C, Zucker IH, and Gao L (2013) Angiotensin type 2 receptor in pancreatic
islets of adult rats: a novel insulinotropic mediator. Am J Physiol Endocrinol
Metab 305:E1281-E1291.

Sharma AK, Mauer SM, Kim Y, and Michael AF (1993) Interstitial fibrosis in
obstructive nephropathy. Kidney Int 44:774-788.

Sharma N, Belenchia AM, Toedebusch R, Pulakat L, and Hans CP (2020) AT2R
agonist NP-6A4 mitigates aortic stiffness and proteolytic activity in mouse model
of aneurysm. J Cell Mol Med 24:7393-7404.

Shaw S, Bencherif M, and Marrero MB (2003) Angiotensin II blocks nicotine-
mediated neuroprotection against beta-amyloid (1-42) via activation of the
tyrosine phosphatase SHP-1. J Neurosci 23:11224-11228.

Shchepinova MM, Hanyaloglu AC, Frost GS, and Tate EW (2020) Chemical biology
of noncanonical G protein-coupled receptor signaling: toward advanced
therapeutics. Curr Opin Chem Biol 56:98-110.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Shepherd AJ, Copits BA, Mickle AD, Karlsson P, Kadunganattil S, Haroutounian
S, Tadinada SM, de Kloet AD, Valtcheva MV, Mcllvried LA, et al. (2018a)
Angiotensin II triggers peripheral macrophage-to-sensory neuron redox crosstalk
to elicit pain. J Neurosci 38:7032-7057.

Shepherd AJ, Mickle AD, Golden JP, Mack MR, Halabi CM, de Kloet AD, Samineni
VK, Kim BS, Krause EG, Gereau 4th RW, et al. (2018b) Macrophage angiotensin
II type 2 receptor triggers neuropathic pain. Proc Natl Acad Sci USA
115:E8057-E8066.

Shepherd AJ and Mohapatra DP (2019) Attenuation of unevoked mechanical and
cold pain hypersensitivities associated with experimental neuropathy in mice by
angiotensin II type-2 receptor antagonism. Anesth Analg 128:e84—e87.

Shiuchi T, Iwai M, Li H-S, Wu L, Min L-J, Li J-M, Okumura M, Cui T-X, and
Horiuchi M (2004) Angiotensin II type-1 receptor blocker valsartan enhances
insulin sensitivity in skeletal muscles of diabetic mice. Hypertension
43:1003-1010.

Shum M, Pinard S, Guimond M-O, Labbé SM, Roberge C, Baillargeon J-P, Langlois
M-F, Alterman M, Wallinder C, Hallberg A, et al. (2013) Angiotensin II type 2
receptor promotes adipocyte differentiation and restores adipocyte size in high-
fat/high-fructose diet-induced insulin resistance in rats. Am J Physiol Endocrinol
Metab 304:E197-E210.

Siddiqui AH, Ali Q, and Hussain T (2009) Protective role of angiotensin II subtype
2 receptor in blood pressure increase in obese Zucker rats. Hypertension
53:256-261.

Siemens IR, Reagan LP, Yee DK, and Fluharty SJ (1994) Biochemical characterization
of two distinct angiotensin AT2 receptor populations in murine neuroblastoma N1E-
115 cells. J Neurochem 62:2106—2115.

Silva IMS, Assersen KB, Willadsen NN, Jepsen J, Artuc M, and Steckelings UM
(2020) The role of the renin-angiotensin system in skin physiology and
pathophysiology. Exp Dermatol 29:891-901.

Silva-Antonialli MM, Tostes RCA, Fernandes L, Fior-Chadi DR, Akamine EH,
Carvalho MHC, Fortes ZB, and Nigro D (2004) A lower ratio of AT1/AT2
receptors of angiotensin II is found in female than in male spontaneously
hypertensive rats. Cardiovasc Res 62:587-593.

Singh KD and Karnik SS (2022) Structural perspectives on the mechanism of
signal activation, ligand selectivity and allosteric modulation in angiotensin
receptors: IUPHAR Review 34. Br J Pharmacol DOI: 10.1111/bph.15840
[published ahead of print].

Siragy HM and Carey RM (1999) Protective role of the angiotensin AT2 receptor in
a renal wrap hypertension model. Hypertension 33:1237-1242.

Siragy HM, de Gasparo M, and Carey RM (2000) Angiotensin type 2 receptor
mediates valsartan-induced hypotension in conscious rats. Hypertension
35:1074-1077.

Siragy HM, Inagami T, and Carey RM (2007) NO and ¢cGMP mediate angiotensin
AT2 receptor-induced renal renin inhibition in young rats. Am J Physiol Regul
Integr Comp Physiol 293:R1461-R1467.

Siragy HM, Inagami T, Ichiki T, and Carey RM (1999) Sustained hypersensitivity
to angiotensin II and its mechanism in mice lacking the subtype-2 (AT2)
angiotensin receptor. Proc Natl Acad Sci USA 96:6506—6510.

Siragy HM, Xue C, Abadir P, and Carey RM (2005) Angiotensin subtype-2
receptors inhibit renin biosynthesis and angiotensin II formation. Hypertension
45:133-137.

Skold C, Nikiforovich G, and Karlén A (2008) Modeling binding modes of
angiotensin II and pseudopeptide analogues to the AT2 receptor. J Mol Graph
Model 26:991-1003.

Skorska A, von Haehling S, Ludwig M, Lux CA, Gaebel R, Kleiner G, Klopsch C,
Dong J, Curato C, Altarche-Xifré6 W, et al. (2015) The CD4(+) AT2R(+) T cell
subpopulation improves post-infarction remodelling and restores cardiac
function. J Cell Mol Med 19:1975-1985.

Slack DN, Seternes OM, Gabrielsen M, and Keyse SM (2001) Distinct binding
determinants for ERK2/p38alpha and JNK map kinases mediate catalytic
activation and substrate selectivity of map kinase phosphatase-1. J Biol Chem
276:16491-16500.

Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, Sullivan R, and
D’Amore PA (1994) Oxygen-induced retinopathy in the mouse. Invest
Ophthalmol Vis Sci 35:101-111.

Smith MT, Anand P, and Rice ASC (2016) Selective small molecule angiotensin II
type 2 receptor antagonists for neuropathic pain: preclinical and clinical studies.
Pain 157 (Suppl 1):S33-S41.

Smith MT and Muralidharan A (2015) Targeting angiotensin II type 2 receptor
pathways to treat neuropathic pain and inflammatory pain. Expert Opin Ther
Targets 19:25-35.

Smith MT, Woodruff TM, Wyse BD, Muralidharan A, and Walther T (2013a) A
small molecule angiotensin II type 2 receptor (AT,R) antagonist produces
analgesia in a rat model of neuropathic pain by inhibition of p38 mitogen-
activated protein kinase (MAPK) and p44/p42 MAPK activation in the dorsal
root ganglia. Pain Med 14:1557-1568.

Smith MT, Wyse BD, and Edwards SR (2013b) Small molecule angiotensin II type
2 receptor (ATyR) antagonists as novel analgesics for neuropathic pain:
comparative pharmacokinetics, radioligand binding, and efficacy in rats. Pain
Med 14:692-705.

Sohn HY, Raff U, Hoffmann A, Gloe T, Heermeier K, Galle J, and Pohl U (2000)
Differential role of angiotensin II receptor subtypes on endothelial superoxide
formation. Br J Pharmacol 131:667-672.

Sokoloff P, Giros B, Martres MP, Bouthenet ML, and Schwartz JC (1990) Molecular
cloning and characterization of a novel dopamine receptor (D3) as a target for
neuroleptics. Nature 347:146-151.

Song K, Allen AM, Paxinos G, and Mendelsohn FA (1992) Mapping of angiotensin
II receptor subtype heterogeneity in rat brain. J Comp Neurol 316:467-484.

Song O-R, Kim H-B, Jouny S, Ricard I, Vandeputte A, Deboosere N, Marion E,
Queval CJ, Lesport P, Bourinet E, et al. (2017) A bacterial toxin with analgesic

1131

properties: hyperpolarization of DRG neurons by mycolactone. Toxins (Basel)
9:E227.

Song R, Spera M, Garrett C, El-Dahr SS, and Yosypiv IV (2010) Angiotensin 1T AT2
receptor regulates ureteric bud morphogenesis. Am J Physiol Renal Physiol
298:F807-F817.

Sourris KC, Morley AL, Koitka A, Samuel P, Coughlan MT, Penfold SA, Thomas
MC, Bierhaus A, Nawroth PP, Yamamoto H, et al. (2010) Receptor for AGEs
(RAGE) blockade may exert its renoprotective effects in patients with diabetic
nephropathy via induction of the angiotensin II type 2 (AT2) receptor.
Diabetologia 53:2442-2451.

Spak E, Hallersund P, Edebo A, Casselbrant A, and Fandriks L (2019) The human
duodenal mucosa harbors all components for a local renin angiotensin system.
Clin Sci (Lond) 133:971-982.

Speretta GF, Ruchaya PJ, Delbin MA, Melo MR, Li H, Menani JV, Sumners C,
Colombari E, Bassi M, and Colombari DSA (2019) Importance of AT1 and AT2
receptors in the nucleus of the solitary tract in cardiovascular responses induced
by a high-fat diet. Hypertens Res 42:439-449.

Speth RC and Kim KH (1990) Discrimination of two angiotensin II receptor subtypes
with a selective agonist analogue of angiotensin II, p-aminophenylalanine6
angiotensin II. Biochem Biophys Res Commun 169:997-1006.

Spyroulias GA, Nikolakopoulou P, Tzakos A, Gerothanassis IP, Magafa V, Manessi-
Zoupa E, and Cordopatis P (2003) Comparison of the solution structures of
angiotensin I & II. Implication for structure-function relationship. Eur <
Biochem 270:2163-2173.

Stanhewicz AE, Jandu S, Santhanam L, and Alexander LM (2017) Increased
angiotensin II sensitivity contributes to microvascular dysfunction in women
who have had preeclampsia. Hypertension 70:382-389.

Steckelings U, Lindblad L, Leisvuori A, Lovro Z, Vainio P, Graens J, Dahlof B,
Jansson P, Unger T, Wiksten A, et al. (2017a) [PP.02.17] Successful completion of
a phase I, randomized, double-blind, placebo controlled, single ascending dose
trial for the first in class angiotensin AT2-receptor agonist Compound 21. J
Hypertens 35:€105-e106 DOI: 10.1097/01.hjh.0000523257.57873.95.

Steckelings UM, Henz BM, Wiehstutz S, Unger T, and Artuc M (2005a) Differential
expression of angiotensin receptors in human cutaneous wound healing. Br J
Dermatol 153:887-893.

Steckelings UM, Kaschina E, and Unger T (2005b) The AT2 receptor—a matter of
love and hate. Peptides 26:1401-1409.

Steckelings UM, Kloet A, and Sumners C (2017b) Centrally mediated
cardiovascular actions of the angiotensin II type 2 receptor. Trends Endocrinol
Metab 28:684-693.

Steckelings UM, Lindblad L, Vainio P, Graens J, Dahloef B, Jansson P, Unger T,
Korhonen P, Wiksten A, Bruce E, et al. (2018) Demonstration of preclinical
efficacy in pulmonary fibrosis models and of clinical safety, tolerability, and
pharmacodynamic effects of the first-in-class angiotensin AT2-receptor agonist
Compound 21 (C21). Am J Respir Crit Care Med 197:A1629.

Steckelings UM and Sumners C (2020) Correcting the imbalanced protective RAS in
COVID-19 with angiotensin AT2-receptor agonists. Clin Sci (Lond) 134:2987-3006.
Steckelings UM, Widdop RE, Paulis L, and Unger T (2010) The angiotensin AT2

receptor in left ventricular hypertrophy. J Hypertens 28 (Suppl 1):S50-S55.

Steckelings UM, Wollschlager T, Peters J, Henz BM, Hermes B, and Artuc M
(2004) Human skin: source of and target organ for angiotensin II. Exp Dermatol
13:148-154.

Stegbauer J, Lee D-H, Seubert S, Ellrichmann G, Manzel A, Kvakan H, Muller
DN, Gaupp S, Rump LC, Gold R, et al. (2009) Role of the renin-angiotensin
system in autoimmune inflammation of the central nervous system. Proc Natl
Acad Sci USA 106:14942-14947.

Stennett AK, Qiao X, Falone AE, Koledova VV, and Khalil RA (2009) Increased
vascular angiotensin type 2 receptor expression and NOS-mediated mechanisms
of vascular relaxation in pregnant rats. Am J Physiol Heart Circ Physiol
296:H745-H755.

Stoll M, Steckelings UM, Paul M, Bottari SP, Metzger R, and Unger T (1995) The
angiotensin AT2-receptor mediates inhibition of cell proliferation in coronary
endothelial cells. J Clin Invest 95:651-657.

Stoll M and Unger T (2001) Angiotensin and its AT2 receptor: new insights into an
old system. Regul Pept 99:175-182.

Stone RE, Liu S, Levy AM, Kashani N, Louie SG, Rodgers KE, Kelland EE, and
Lund BT (2020) Activation of the protective arm of the renin angiotensin system
in demyelinating disease. J Neuroimmune Pharmacol 15:249-263.

Storm J and Craig AG (2014) Pathogenesis of cerebral malaria~inflammation and
cytoadherence. Front Cell Infect Microbiol 4:100.

Strange PG (2010) Use of the GTPyS ([35S]GTPyS and Eu-GTPyS) binding assay
for analysis of ligand potency and efficacy at G protein-coupled receptors. Br J
Pharmacol 161:1238-1249.

Stroth U, Blume A, Mielke K, and Unger T (2000) Angiotensin AT(2) receptor
stimulates ERK1 and ERK2 in quiescent but inhibits ERK in NGF-stimulated
PC12W cells. Brain Res Mol Brain Res 78:175-180.

Suarez C, Diaz-Torga G, Gonzélez-Iglesias A, Cristina C, and Becu-Villalobos D
(2004) Upregulation of angiotensin II type 2 receptor expression in estrogen-
induced pituitary hyperplasia. Am J Physiol Endocrinol Metab 286:E786-E794.

Sugino H, Ozono R, Kurisu S, Matsuura H, Ishida M, Oshima T, Kambe M,
Teranishi Y, Masaki H, and Matsubara H (2001) Apoptosis is not increased in
myocardium overexpressing type 2 angiotensin II receptor in transgenic mice.
Hypertension 37:1394-1398.

Sugiura R, Satoh R, and Takasaki T (2021) ERK: a double-edged sword in cancer.
ERK-dependent apoptosis as a potential therapeutic strategy for cancer. Cells
10:2509.

Sumners C, Alleyne A, Rodriguez V, Pioquinto DJ, Ludin JA, Kar S, Winder Z,
Ortiz Y, Liu M, Krause EG, et al. (2020) Brain angiotensin type-1 and type-2
receptors: cellular locations under normal and hypertensive conditions.
Hypertens Res 43:281-295.



1132

Sumners C, de Kloet AD, Krause EG, Unger T, and Steckelings UM (2015)
Angiotensin type 2 receptors: blood pressure regulation and end organ damage.
Curr Opin Pharmacol 21:115-121.

Sumners C, Peluso AA, Haugaard AH, Bertelsen JB, and Steckelings UM (2019)
Anti-fibrotic mechanisms of angiotensin ATy -receptor stimulation. Acta Physiol
(Oxf) 227:€13280.

Sun H, Charles CH, Lau LF, and Tonks NK (1993) MKP-1 (3CH134), an immediate
early gene product, is a dual specificity phosphatase that dephosphorylates MAP
kinase in vivo. Cell 75:487-493.

Sun R, He T, Pan Y, and Katusic ZS (2018) Effects of senescence and angiotensin II
on expression and processing of amyloid precursor protein in human cerebral
microvascular endothelial cells. Aging (Albany NY) 10:100-114.

Suzuki J, Iwai M, Nakagami H, Wu L, Chen R, Sugaya T, Hamada M, Hiwada K, and
Horiuchi M (2002) Role of angiotensin II-regulated apoptosis through distinct AT1
and AT2 receptors in neointimal formation. Circulation 106:847-853.

Sysoeva VY, Ageeva LV, Tyurin-Kuzmin PA, Sharonov GV, Dyikanov DT, Kalinina
NI, and Tkachuk VA (2017) Local angiotensin II promotes adipogenic
differentiation of human adipose tissue mesenchymal stem cells through type 2
angiotensin receptor. Stem Cell Res (Amst) 25:115-122.

Takata H, Yamada H, Kawahito H, Kishida S, Irie D, Kato T, Wakana N,
Miyagawa S, Fukui K, and Matsubara H (2015) Vascular angiotensin II type 2
receptor attenuates atherosclerosis via a kinin/NO-dependent mechanism. o
Renin Angiotensin Aldosterone Syst 16:311-320.

Takeda H, Katagata Y, Hozumi Y, and Kondo S (2004) Effects of angiotensin II
receptor signaling during skin wound healing. Am J Pathol 165:1653—1662.

Takeda H and Kondo S (2001) Immunohistochemical study of angiotensin receptors in
normal human sweat glands and eccrine poroma. Br J Dermatol 144:1189-1192.

Takeshita E, Nakagawa E, Nakatani K, Sasaki M, and Goto Y (2012) Novel AGTR2
missense mutation in a Japanese boy with severe mental retardation, pervasive
developmental disorder, and epilepsy. Brain Dev 34:776-779.

Tanaka M, Ohnishi J, Ozawa Y, Sugimoto M, Usuki S, Naruse M, Murakami K,
and Miyazaki H (1995) Characterization of angiotensin II receptor type 2 during
differentiation and apoptosis of rat ovarian cultured granulosa cells. Biochem
Biophys Res Commun 207:593-598.

Taylor AA, Siragy H, and Nesbitt S (2011) Angiotensin receptor blockers:
pharmacology, efficacy, and safety. J Clin Hypertens (Greenwich) 13:677-686.

Te Riet L, van Deel ED, van Thiel BS, Moltzer E, van Vliet N, Ridwan Y, van
Veghel R, van Heijningen PM, Robertus JL, Garrelds IM, et al. (2016) AT1-
receptor blockade, but not renin inhibition, reduces aneurysm growth and
cardiac failure in fibulin-4 mice. J Hypertens 34:654-665.

Tea BS, Der Sarkissian S, Touyz RM, Hamet P, and deBlois D (2000) Proapoptotic and
growth-inhibitory role of angiotensin II type 2 receptor in vascular smooth muscle
cells of spontaneously hypertensive rats in vivo. Hypertension 35:1069-1073.

Tesanovic S, Vinh A, Gaspari TA, Casley D, and Widdop RE (2010) Vasoprotective
and atheroprotective effects of angiotensin (1-7) in apolipoprotein E-deficient
mice. Arterioscler Thromb Vasc Biol 30:1606-1613.

Thai H, Wollmuth J, Goldman S, and Gaballa M (2003) Angiotensin subtype 1
receptor (AT1) blockade improves vasorelaxation in heart failure by up-
regulation of endothelial nitric-oxide synthase via activation of the AT2 receptor.
o Pharmacol Exp Ther 307:1171-1178.

Than A, Xu S, Li R, Leow MK-S, Sun L, and Chen P (2017) Angiotensin type 2
receptor activation promotes browning of white adipose tissue and brown
adipogenesis. Signal Transduct Target Ther 2:17022.

Timmermans PB, Wong PC, Chiu AT, and Herblin WF (1991) Nonpeptide
angiotensin II receptor antagonists. Trends Pharmacol Sci 12:55-62.

Tissir F, Riviere M, Guo DF, Tsuzuki S, Inagami T, Levan G, Szpirer J, and Szpirer
C (1995) Localization of the genes encoding the three rat angiotensin II
receptors, Agtrla, Agtrlb, Agtr2, and the human AGTR2 receptor respectively to
rat chromosomes 17q12, 2q24 and Xq34, and the human Xq22. Cytogenet Cell
Genet 71:77-80.

Tiyerili V, Mueller CFH, Becher UM, Czech T, van Eickels M, Daiber A, Nickenig
G, and Wassmann S (2012) Stimulation of the AT2 receptor reduced
atherogenesis in ApoE(-/-)/AT1A(-/-) double knock out mice. J Mol Cell Cardiol
52:630-637.

Toedebusch R, Belenchia A, and Pulakat L (2018) Cell-specific protective signaling
induced by the novel AT2R-agonist NP-6A4 on human endothelial and smooth
muscle cells. Front Pharmacol 9:928.

Tornling G, Batta R, Porter JC, Williams B, Bengtsson T, Parmar K, Kashiva R,
Hallberg A, Cohrt AK, Westergaard K, et al. (2021) Seven days treatment with
the angiotensin II type 2 receptor agonist C21 in hospitalized COVID-19
patients; a placebo-controlled randomised multi-centre double-blind phase 2 trial.
EClinicalMedicine 41:101152.

Tota S, Hanif K, Kamat PK, Najmi AK, and Nath C (2012) Role of central
angiotensin receptors in scopolamine-induced impairment in memory, cerebral
blood flow, and cholinergic function. Psychopharmacology (Berl) 222:185-202.

Touyz RM, Endemann D, He G, Li JS, and Schiffrin EL (1999) Role of AT2
receptors in angiotensin II-stimulated contraction of small mesenteric arteries in
young SHR. Hypertension 33:366-372.

Tsang SW, Cheng CHK, and Leung PS (2004) The role of the pancreatic renin-
angiotensin system in acinar digestive enzyme secretion and in acute
pancreatitis. Regul Pept 119:213-219.

Tschope C, Westermann D, Dhayat N, Dhayat S, Altmann C, Steendijk P,
Schultheiss H-P, and Walther T (2005) Angiotensin AT2 receptor deficiency after
myocardial infarction: its effects on cardiac function and fibrosis depend on the
stimulus. Cell Biochem Biophys 43:45-52.

Tsutsumi K and Saavedra JM (1991) Characterization and development of
angiotensin II receptor subtypes (AT1 and AT2) in rat brain. Am J Physiol
261:R209-R216.

Tsutsumi K and Saavedra JM (1992) Heterogeneity of angiotensin II AT2 receptors
in the rat brain. Mol Pharmacol 41:290-297.

Steckelings et al.

Tsutsumi K, Seltzer A, and Saavedra JM (1993) Angiotensin II receptor subtypes
and angiotensin-converting enzyme in the fetal rat brain. Brain Res
631:212-220.

Tsutsumi K, Stromberg C, Viswanathan M, and Saavedra JM (1991) Angiotensin-II
receptor subtypes in fetal tissue of the rat: autoradiography, guanine nucleotide
sensitivity, and association with phosphoinositide hydrolysis. Endocrinology
129:1075-1082.

Tsutsumi Y, Matsubara H, Masaki H, Kurihara H, Murasawa S, Takai S, Miyazaki
M, Nozawa Y, Ozono R, Nakagawa K, et al. (1999) Angiotensin II type 2 receptor
overexpression activates the vascular kinin system and causes vasodilation.
Clin Invest 104:925-935.

Tsutsumi Y, Matsubara H, Ohkubo N, Mori Y, Nozawa Y, Murasawa S, Kijima K,
Maruyama K, Masaki H, Moriguchi Y, et al. (1998) Angiotensin II type 2
receptor is upregulated in human heart with interstitial fibrosis, and cardiac
fibroblasts are the major cell type for its expression. Circ Res 83:1035-1046.

Tsuzuki S, Ichiki T, Nakakubo H, Kitami Y, Guo DF, Shirai H, and Inagami T
(1994) Molecular cloning and expression of the gene encoding human angiotensin
11 type 2 receptor. Biochem Biophys Res Commun 200:1449-1454.

Turner AJ, Hiscox JA, and Hooper NM (2004) ACE2: from vasopeptidase to SARS
virus receptor. Trends Pharmacol Sci 25:291-294.

Turu G, Szidonya L, Gaborik Z, Buday L, Spat A, Clark AJL, and Hunyady L
(2006) Differential beta-arrestin binding of AT1 and AT2 angiotensin receptors.
FEBS Lett 580:41-45.

Ulutas Z, Ermis N, Ozhan O, Parlakpinar H, Vardi N, Ates B, and Colak C (2021)
The Protective effects of Compound 21 and valsartan in isoproterenol-induced
myocardial injury in rats. Cardiovasc Toxicol 21:17-28.

Umschweif G, Liraz-Zaltsman S, Shabashov D, Alexandrovich A, Trembovler V,
Horowitz M, and Shohami E (2014a) Angiotensin receptor type 2 activation
induces neuroprotection and neurogenesis after traumatic brain injury.
Neurotherapeutics 11:665-678.

Umschweif G, Shabashov D, Alexandrovich AG, Trembovler V, Horowitz M, and
Shohami E (2014b) Neuroprotection after traumatic brain injury in heat-
acclimated mice involves induced neurogenesis and activation of angiotensin
receptor type 2 signaling. J Cereb Blood Flow Metab 34:1381-1390.

Unal H, Jagannathan R, and Karnik SS (2012) Mechanism of GPCR-directed
autoantibodies in diseases. Adv Exp Med Biol 749:187-199.

Unger T (1999) The angiotensin type 2 receptor: variations on an enigmatic theme.
J Hypertens 17:1775-1786.

Unger T, Steckelings UM, and dos Santos RAS (2015) The Protective Arm of the
Renin Angiotensin System (RAS): Functional Aspects and Therapeutic
Implications, Academic Press, Cambridge, MA.

Vaajanen A, Lakkisto P, Virtanen I, Kankuri E, Oksala O, Vapaatalo H, and
Tikkanen I (2010) Angiotensin receptors in the eyes of arterial hypertensive rats.
Acta Ophthalmol 88:431-438.

Vadhan JD and Speth RC (2021) The role of the brain renin-angiotensin system
(RAS) in mild traumatic brain injury (TBI). Pharmacol Ther 218:107684.

Valero-Esquitino V, Lucht K, Namsolleck P, Monnet-Tschudi F, Stubbe T, Lucht F,
Liu M, Ebner F, Brandt C, Danyel LA, et al. (2015) Direct angiotensin type 2
receptor (AT2R) stimulation attenuates T-cell and microglia activation and
prevents demyelination in experimental autoimmune encephalomyelitis in mice.
Clin Sci (Lond) 128:95-109.

van Andel MM, Indrakusuma R, Jalalzadeh H, Balm R, Timmermans J, Scholte
AJ, van den Berg MP, Zwinderman AH, Mulder BJM, de Waard V, et al. (2020)
Long-term clinical outcomes of losartan in patients with Marfan syndrome:
follow-up of the multicentre randomized controlled COMPARE trial. Eur Heart J
41:4181-4187.

van de Wal RMA, van der Harst P, Wagenaar LJ, Wassmann S, Morshuis WJ,
Nickenig G, Buikema H, Plokker HWM, van Veldhuisen DJ, van Gilst WH, et al.
(2007) Angiotensin II type 2 receptor vasoactivity in internal mammary arteries
of patients with coronary artery disease. J Cardiovasc Pharmacol 50:372-379.

van Kesteren CA, van Heugten HA, Lamers JM, Saxena PR, Schalekamp MA, and
Danser AH (1997) Angiotensin II-mediated growth and antigrowth effects in
cultured neonatal rat cardiac myocytes and fibroblasts. J Mol Cell Cardiol
29:2147-2157.

van Varik BJ, Rennenberg RJMW, Reutelingsperger CP, Kroon AA, de Leeuw PW,
and Schurgers LJ (2012) Mechanisms of arterial remodeling: lessons from
genetic diseases. Front Genet 3:290.

Vanderriele P-E, Caroccia B, Seccia TM, Piazza M, Lenzini L, Torresan F, Iacobone
M, Unger T, and Rossi GP (2018) The angiotensin type 2 receptor in the human
adrenocortical zona glomerulosa and in aldosterone-producing adenoma: low
expression and no functional role. Clin Sci (Lond) 132:627-640.

Varagic J, Susic D, and Frohlich ED (2001) Coronary hemodynamic and ventricular
responses to angiotensin type 1 receptor inhibition in SHR: interaction with
angiotensin type 2 receptors. Hypertension 37:1399-1403.

Vasile S, Hallberg A, Sallander J, Hallberg M, Aqvist J, and Gutiérrez-de-Teran H
(2020) Evolution of angiotensin peptides and peptidomimetics as angiotensin II
receptor type 2 (AT2) receptor agonists. Biomolecules 10:E649.

Vazquez E, Coronel I, Bautista R, Romo E, Villalon CM, Avila-Casado MC, Soto V,
and Escalante B (2005) Angiotensin II-dependent induction of AT(2) receptor
expression after renal ablation. Am J Physiol Renal Physiol 288:F207-F213.

Verbrugghe P, Verhoeven J, Clijsters M, Vervoort D, Schepens J, Meuris B, and
Herijgers P (2018) The effect of a nonpeptide angiotensin II type 2 receptor
agonist, Compound 21, on aortic aneurysm growth in a mouse model of Marfan
syndrome. J Cardiovasc Pharmacol 71:215-222.

Verdonk K, Durik M, Abd-Alla N, Batenburg WW, van den Bogaerdt AJ, van
Veghel R, Roks AJM, Danser AHJ, and van Esch JHM (2012) Compound 21
induces vasorelaxation via an endothelium- and angiotensin II type 2 receptor-
independent mechanism. Hypertension 60:722-729.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Verma A, Zhu P, de Kloet A, Krause E, Sumners C, and Li Q (2019) Angiotensin
receptor expression revealed by reporter mice and beneficial effects of AT2R
agonist in retinal cells. Exp Eye Res 187:107770.

Vervoort VS, Beachem MA, Edwards PS, Ladd S, Miller KE, de Mollerat X,
Clarkson K, DuPont B, Schwartz CE, Stevenson RE, et al. (2002) AGTR2
mutations in X-linked mental retardation. Science 296:2401-2403.

Villela D, Leonhardt J, Patel N, Joseph J, Kirsch S, Hallberg A, Unger T, Bader M,
Santos RA, Sumners C, et al. (2015) Angiotensin type 2 receptor (AT2R) and
receptor Mas: a complex liaison. Clin Sci (Lond) 128:227-234.

Vinh A, Widdop RE, Chai SY, and Gaspari TA (2008a) Angiotensin IV-evoked
vasoprotection is conserved in advanced atheroma. Atherosclerosis 200:37—-44.

Vinh A, Widdop RE, Drummond GR, and Gaspari TA (2008b) Chronic angiotensin
IV treatment reverses endothelial dysfunction in ApoE-deficient mice.
Cardiovasc Res 77:178-187.

Viswanathan M and Saavedra JM (1992) Expression of angiotensin II AT2
receptors in the rat skin during experimental wound healing. Peptides
13:783-786.

Viswanathan M, Tsutsumi K, Correa FM, and Saavedra JM (1991) Changes in
expression of angiotensin receptor subtypes in the rat aorta during development.
Biochem Biophys Res Commun 179:1361-1367.

Voros S, Yang Z, Bove CM, Gilson WD, Epstein FH, French BA, Berr SS, Bishop
SP, Conaway MR, Matsubara H, et al. (2006) Interaction between AT1 and AT2
receptors during postinfarction left ventricular remodeling. Am J Physiol Heart
Cire Physiol 290:H1004-H1010.

Vrettos EI, Valverde IE, Mascarin A, Pallier PN, Cerofolini L, Fragai M, Parigi G,
Hirmiz B, Bekas N, Grob NM, et al. (2020) Single peptide backbone surrogate
mutations to regulate angiotensin GPCR subtype selectivity. Chemistry
26:10690-10694.

Wagenaar GTM, Laghmani H, Fidder M, Sengers RMA, de Visser YP, de Vries L,
Rink R, Roks AJM, Folkerts G, and Walther FJ (2013) Agonists of MAS oncogene
and angiotensin II type 2 receptors attenuate cardiopulmonary disease in rats
with neonatal hyperoxia-induced lung injury. Am J Physiol Lung Cell Mol
Physiol 305:1L.341-L351.

Wagenaar GTM, Sengers RMA, Laghmani H, Chen X, Lindeboom MPHA, Roks
AJM, Folkerts G, and Walther FJ (2014) Angiotensin II type 2 receptor ligand
PD123319 attenuates hyperoxia-induced lung and heart injury at a low dose in
newborn rats. Am J Physiol Lung Cell Mol Physiol 307:L261-L272.

Wallinder C, Botros M, Rosenstréom U, Guimond M-O, Beaudry H, Nyberg F, Gallo-
Payet N, Hallberg A, and Alterman M (2008) Selective angiotensin II AT2
receptor agonists: benzamide structure-activity relationships. Bioorg Med Chem
16:6841-6849.

Wallinder C, Skold C, Botros M, Guimond M-O, Hallberg M, Gallo-Payet N, Karlén
A, and Alterman M (2014) Interconversion of functional activity by minor
structural alterations in nonpeptide AT2 receptor ligands. ACS Med Chem Lett
6:178-182.

Wallinder C, Skold C, Sundholm S, Guimond M-O, Yahiaoui S, Lindeberg G, Gallo-
Payet N, Hallberg M, and Alterman M (2019) High affinity rigidified ATy
receptor ligands with indane scaffolds. MedChemComm 10:2146-2160.

Walters PE, Gaspari TA, and Widdop RE (2005) Angiotensin-(1-7) acts as a
vasodepressor agent via angiotensin II type 2 receptors in conscious rats.
Hypertension 45:960-966.

Wan Y, Wallinder C, Johansson B, Holm M, Mahalingam AK, Wu X, Botros M,
Karlén A, Pettersson A, Nyberg F, et al. (2004a) First reported nonpeptide AT1
receptor agonist (L-162,313) acts as an AT2 receptor agonist in vivo. J Med Chem
47:1536-1546.

Wan Y, Wallinder C, Plouffe B, Beaudry H, Mahalingam AK, Wu X, Johansson B,
Holm M, Botoros M, Karlén A, et al. (2004b) Design, synthesis, and biological
evaluation of the first selective nonpeptide AT2 receptor agonist. J Med Chem
47:5995-6008.

Wang C, Pinar AA, Widdop RE, Hossain MA, Bathgate RAD, Denton KM, Kemp-
Harper BK, and Samuel CS (2020) The anti-fibrotic actions of relaxin are
mediated through AT, R-associated protein phosphatases via RXFP1-AT; R
functional crosstalk in human cardiac myofibroblasts. FASEB J 34:8217-8233.

Wang C, Wang W, Du M, Liu X, and Xue S (2017) Characterization and functional
elucidation of CD8+AT2+ lymphocytes in human thoracic aortic aneurysm. Int J
Clin Exp Pathol 10:7427-7433.

Wang C, Wu T, Hu X, Huang R, Lian F, Wang W, Feng Y, Xie B, Hu Z, Zhai X,
et al. (2015) Identification and characterization of CD4(+)AT2(+) T lymphocyte
population in human thoracic aortic aneurysm. Am J Transl Res 7:232-241.

Wang L, Wang Y, Li XY, and Leung PS (2017) Angiotensin II type 2 receptor
activation with Compound 21 augments islet function and regeneration in
streptozotocin-induced neonatal rats and human pancreatic progenitor cells.
Pancreas 46:395-404.

Wang N, Frank GD, Ding R, Tan Z, Rachakonda A, Pandolfi PP, Senbonmatsu T,
Landon EJ, and Inagami T (2012) Promyelocytic leukemia zinc finger protein
activates GATA4 transcription and mediates cardiac hypertrophic signaling from
angiotensin II receptor 2. PLoS One 7:e35632.

Wang R, Zagariya A, Ibarra-Sunga O, Gidea C, Ang E, Deshmukh S, Chaudhary G,
Baraboutis J, Filippatos G, and Uhal BD (1999) Angiotensin II induces apoptosis
in human and rat alveolar epithelial cells. Am J Physiol 276:L885-L889.

Wang W and Lo ACY (2018) Diabetic retinopathy: pathophysiology and treatments.
Int J Mol Sci 19:E1816.

Wang Y, Del Borgo M, Lee HW, Baraldi D, Hirmiz B, Gaspari TA, Denton KM,
Aguilar M-I, Samuel CS, and Widdop RE (2017) Anti-fibrotic potential of AT,
receptor agonists. Front Pharmacol 8:564.

Wang Y, Han L, Shen M, Jones ES, Spizzo I, Walton SL, Denton KM, Gaspari TA,
Samuel CS, and Widdop RE (2020) Serelaxin and the AT, receptor agonist
CGP42112 evoked a similar, nonadditive, cardiac antifibrotic effect in high salt-
fed mice that were refractory to candesartan cilexetil. ACS Pharmacol Transl Sci
3:76-87.

1133

Wang Y, Wang M, Samuel CS, and Widdop RE (2022) Preclinical rodent models of
cardiac fibrosis. Br J Pharmacol 179:882-899.

Wang ZQ, Moore AF, Ozono R, Siragy HM, and Carey RM (1998) Immunolocalization
of subtype 2 angiotensin II (AT2) receptor protein in rat heart. Hypertension
32:78-83.

Wannberg J, Gising J, Lindman J, Salander J, Gutiérrez-de-Teran H, Ablahad H, Hamid
S, Gronbladh A, Spizzo I, Gaspari TA, et al. (2021) N-(Methyloxycarbonyl)thiophene
sulfonamides as high affinity AT2 receptor ligands. Bioorg Med Chem 29:115859.

Wannberg J, Isaksson R, Bremberg U, Backlund M, Savmarker J, Hallberg M, and
Larhed M (2018) A convenient transesterification method for synthesis of AT2
receptor ligands with improved stability in human liver microsomes. Bioorg Med
Chem Lett 28:519-522.

Warnecke C, Mugrauer P, Siirder D, Erdmann J, Schubert C, and Regitz-Zagrosek
V (2005) Intronic ANG II type 2 receptor gene polymorphism 1675 G/A
modulates receptor protein expression but not mRNA splicing. Am J Physiol
Regul Integr Comp Physiol 289:R1729-R1735.

Warnecke C, Siirder D, Curth R, Fleck E, and Regitz-Zagrosek V (1999) Analysis
and functional characterization of alternatively spliced angiotensin II type 1 and
2 receptor transcripts in the human heart. J Mol Med (Berl) 77:718-727.

Waseda Y, Yasui M, Nishizawa Y, Inuzuka K, Takato H, Ichikawa Y, Tagami A,
Fuyjimura M, and Nakao S (2008) Angiotensin II type 2 receptor antagonist
reduces bleomycin-induced pulmonary fibrosis in mice. Respir Res 9:43.

Webb ML, Liu EC, Cohen RB, Hedberg A, Bogosian EA, Monshizadegan H, Molloy
C, Serafino R, Moreland S, Murphy TJ, et al. (1992) Molecular characterization
of angiotensin II type II receptors in rat pheochromocytoma cells. Peptides
13:499-508.

Wehbi GJ, Zimpelmann J, Carey RM, Levine DZ, and Burns KD (2001) Early
streptozotocin-diabetes mellitus downregulates rat kidney AT2 receptors. Am J
Physiol Renal Physiol 280:F254-F265.

Weinshenker BG and Wingerchuk DM (2017) Neuromyelitis spectrum disorders.
Mayo Clin Proc 92:663-679.

Wen J, Li P, Cheng J, Wang N, Mao L, Tan X, Zeng X, Xia D, Zhou Y, Yang Q, et al.
(2019) Downregulation of AT9R decreases the responsiveness of BK¢, channels to
angiotensin II in patients with hypertension. J Mol Cell Cardiol 131:20-28.

Wennemuth G, Babcock DF, and Hille B (1999) Distribution and function of
angiotensin II receptors in mouse spermatozoa. Andrologia 31:323-325.

Wharton J, Morgan K, Rutherford RA, Catravas JD, Chester A, Whitehead BF, De
Leval MR, Yacoub MH, and Polak JM (1998) Differential distribution of
angiotensin AT2 receptors in the normal and failing human heart. J Pharmacol
Exp Ther 284:323-336.

Wheeler-Schilling TH, Kohler K, Sautter M, and Guenther E (1999) Angiotensin II
receptor subtype gene expression and cellular localization in the retina and non-
neuronal ocular tissues of the rat. Eur J Neurosci 11:3387-3394.

Whitebread S, Mele M, Kamber B, and de Gasparo M (1989) Preliminary
biochemical characterization of two angiotensin II receptor subtypes. Biochem
Biophys Res Commun 163:284-291.

Widdop RE, Jones ES, Hannan RE, and Gaspari TA (2003) Angiotensin AT2
receptors: cardiovascular hope or hype? Br J Pharmacol 140:809-824.

Widdop RE, Matrougui K, Levy BI, and Henrion D (2002) AT2 receptor-mediated
relaxation is preserved after long-term AT1 receptor blockade. Hypertension
40:516-520.

Widdop RE, Vinh A, Henrion D, and Jones ES (2008) Vascular angiotensin AT2
receptors in hypertension and ageing. Clin Exp Pharmacol Physiol 35:386—-390.
Wiesmann M, Kiliaan AJ, and Claassen JAHR (2013) Vascular aspects of cognitive

impairment and dementia. J Cereb Blood Flow Metab 33:1696-1706.

Wilson M, Morganti AA, Zervoudakis I, Letcher RL, Romney BM, Von Oeyon P,
Papera S, Sealey JE, and Laragh JH (1980) Blood pressure, the renin-
aldosterone system and sex steroids throughout normal pregnancy. Am J Med
68:97-104.

Wingler LM, McMahon C, Staus DP, Lefkowitz RJ, and Kruse AC (2019)
Distinctive activation mechanism for angiotensin receptor revealed by a
synthetic nanobody. Cell 176:479-490.e12.

Wingler LM, Skiba MA, McMahon C, Staus DP, Kleinhenz ALW, Suomivuori C-M,
Latorraca NR, Dror RO, Lefkowitz RJ, and Kruse AC (2020) Angiotensin and
biased analogs induce structurally distinct active conformations within a GPCR.
Science 367:888-892.

Wolf G, Wenzel U, Burns KD, Harris RC, Stahl RAK, and Thaiss F (2002)
Angiotensin II activates nuclear transcription factor-kappaB through AT1 and
AT?2 receptors. Kidney Int 61:1986-1995.

Wolf G, Ziyadeh FN, Thaiss F, Tomaszewski J, Caron RJ, Wenzel U, Zahner G,
Helmchen U, and Stahl RA (1997) Angiotensin II stimulates expression of the
chemokine RANTES in rat glomerular endothelial cells. Role of the angiotensin
type 2 receptor. J Clin Invest 100:1047-1058.

Wong BR, Besser D, Kim N, Arron JR, Vologodskaia M, Hanafusa H, and Choi Y
(1999) TRANCE, a TNF family member, activates Akt/PKB through a signaling
complex involving TRAF6 and c-Src. Mol Cell 4:1041-1049.

Wong P-F, Lee SST, and Cheung W-T (2004) Immunohistochemical colocalization of
type II angiotensin receptors with somatostatin in rat pancreas. Regul Pept
117:195-205.

Wong SK-F (2003) G protein selectivity is regulated by multiple intracellular
regions of GPCRs. Neurosignals 12:1-12.

Wong TP, Debnam ES, and Leung PS (2007) Involvement of an enterocyte renin-
angiotensin system in the local control of SGLT1-dependent glucose uptake
across the rat small intestinal brush border membrane. J Physiol 584:613-623.

Wootten D, Christopoulos A, Marti-Solano M, Babu MM, and Sexton PM (2018)
Mechanisms of signalling and biased agonism in G protein-coupled receptors.
Nat Rev Mol Cell Biol 19:638—653.

Wright JW, Bechtholt AJ, Chambers SL, and Harding JW (1996) Angiotensin III
and IV activation of the brain AT1 receptor subtype in cardiovascular function.
Peptides 17:1365-1371.



1134

Wright JW and Harding JW (2019) Contributions by the brain renin-angiotensin
system to memory, cognition, and Alzheimer’s disease. J Alzheimers Dis
67:469-480.

Wruck CJ, Funke-Kaiser H, Pufe T, Kusserow H, Menk M, Schefe JH, Kruse ML,
Stoll M, and Unger T (2005) Regulation of transport of the angiotensin AT2
receptor by a novel membrane-associated Golgi protein. Arterioscler Thromb Vasc
Biol 25:57-64.

Wu L, Iwai M, Nakagami H, Chen R, Suzuki J, Akishita M, de Gasparo M, and
Horiuchi M (2002) Effect of angiotensin II type 1 receptor blockade on cardiac
remodeling in angiotensin II type 2 receptor null mice. Arterioscler Thromb Vasc
Biol 22:49-54.

Wu L, Iwai M, Nakagami H, Li Z, Chen R, Suzuki J, Akishita M, de Gasparo M,
and Horiuchi M (2001) Roles of angiotensin II type 2 receptor stimulation
associated with selective angiotensin II type 1 receptor blockade with valsartan
in the improvement of inflammation-induced vascular injury. Circulation
104:2716-2721.

Wu X, Wan Y, Mahalingam AK, Murugaiah AMS, Plouffe B, Botros M, Karlén A,
Hallberg M, Gallo-Payet N, and Alterman M (2006) Selective angiotensin II AT2
receptor agonists: arylbenzylimidazole structure-activity relationships. J Med
Chem 49:7160-7168.

Xia Y and Kellems RE (2013) Angiotensin receptor agonistic autoantibodies and
hypertension: preeclampsia and beyond. Circ Res 113:78-87.

Xing C, Arai K, Lo EH, and Hommel M (2012) Pathophysiologic cascades in
ischemic stroke. Int J Stroke 7:378-385.

Xing C, Zhuang Y, Xu T-H, Feng Z, Zhou XE, Chen M, Wang L, Meng X, Xue Y,
Wang J, et al. (2020) Cryo-EM structure of the human cannabinoid receptor
CB2-G; signaling complex. Cell 180:645-654.e13.

Xu J, Carretero OA, Liu Y-H, Shesely EG, Yang F, Kapke A, and Yang X-P (2002)
Role of AT2 receptors in the cardioprotective effect of AT1 antagonists in mice.
Hypertension 40:244-250.

Xu J, Sun Y, Carretero OA, Zhu L, Harding P, Shesely EG, Dai X, Rhaleb N-E,
Peterson E, and Yang X-P (2014) Effects of cardiac overexpression of the
angiotensin II type 2 receptor on remodeling and dysfunction in mice post-
myocardial infarction. Hypertension 63:1251-1259.

Xu P, Huang S, Zhang H, Mao C, Zhou XE, Cheng X, Simon IA, Shen D-D, Yen H-
Y, Robinson CV, et al. (2021) Structural insights into the lipid and ligand
regulation of serotonin receptors. Nature 592:469-473.

XuY, Hu X, Wang L, Jiang Z, Liu X, Yu H, Zhang Z, Chen H, Chen H, Steinhoff G,
et al. (2013) Transplantation of preconditioned bone marrow mononuclear cells
by AT2R stimulation improves infarcted heart function via enhanced cardiac
mobilization of implanted cells. Int J Cardiol 168:4551-4554.

Xu Y, Menon V, and Jugdutt BI (2000) Cardioprotection after angiotensin II type 1
blockade involves angiotensin II type 2 receptor expression and activation of
protein kinase C-epsilon in acutely reperfused myocardial infarction in the dog.
Effect of UP269-6 and losartan on AT1 and AT2-receptor expression and IP3
receptor and PKCepsilon proteins. J Renin Angiotensin Aldosterone Syst
1:184-195.

Yahata Y, Shirakata Y, Tokumaru S, Yang L, Dai X, Tohyama M, Tsuda T, Sayama
K, Iwai M, Horiuchi M, et al. (2006) A novel function of angiotensin II in skin
wound healing. Induction of fibroblast and keratinocyte migration by angiotensin
II via heparin-binding epidermal growth factor (EGF)-like growth factor-
mediated EGF receptor transactivation. J Biol Chem 281:13209-13216.

Yamada T, Horiuchi M, and Dzau VJ (1996) Angiotensin II type 2 receptor
mediates programmed cell death. Proc Natl Acad Sci USA 93:156-160.

Yamada Y, Yamauchi D, Usui H, Zhao H, Yokoo M, Ohinata K, Iwai M, Horiuchi
M, and Yoshikawa M (2008a) Hypotensive activity of novokinin, a potent
analogue of ovokinin(2-7), is mediated by angiotensin AT(2) receptor and
prostaglandin IP receptor. Peptides 29:412-418.

Yamada Y, Yamauchi D, Yokoo M, Ohinata K, Usui H, and Yoshikawa M (2008b) A
potent hypotensive peptide, novokinin, induces relaxation by AT2- and IP-
receptor-dependent mechanism in the mesenteric artery from SHRs. Biosci
Biotechnol Biochem 72:257-259.

Yamamoto Y, Watari Y, Brydun A, Yoshizumi M, Akishita M, Horiuchi M, Chayama
K, Oshima T, and Ozono R (2008) Role of the angiotensin II type 2 receptor in
arterial remodeling after wire injury in mice. Hypertens Res 31:1241-1249.

Yan F, Yuan Z, Wang N, Carey RM, Aylor KW, Chen L, Zhou X, and Liu Z (2018)
Direct activation of angiotensin II type 2 receptors enhances muscle
microvascular perfusion, oxygenation, and insulin delivery in male rats.
Endocrinology 159:685-695.

Yan X, Schuldt AJT, Price RL, Amende I, Liu F-F, Okoshi K, Ho KKL, Pope AJ,
Borg TK, Lorell BH, et al. (2008) Pressure overload-induced hypertrophy in
transgenic mice selectively overexpressing AT2 receptors in ventricular
myocytes. Am J Physiol Heart Circ Physiol 294:H1274-H1281.

Yang J, Chen C, Ren H, Han Y, He D, Zhou L, Hopfer U, Jose PA, and Zeng C
(2012) Angiotensin II AT(2) receptor decreases AT(1) receptor expression and
function via nitric oxide/cGMP/Sp1 in renal proximal tubule cells from Wistar-
Kyoto rats. J Hypertens 30:1176-1184.

Yang S, Han Y, Zheng S, Kou X, Asico LD, Huang H, Gao Z, Jose PA, and Zeng C
(2015) Enhanced natriuresis and diuresis in Wistar rats caused by the
costimulation of renal dopamine D3 and angiotensin II type 2 receptors. Am J
Hypertens 28:1267-1276.

Yang Z, Bove CM, French BA, Epstein FH, Berr SS, DiMaria JM, Gibson JJ, Carey
RM, and Kramer CM (2002) Angiotensin II type 2 receptor overexpression
preserves left ventricular function after myocardial infarction. Circulation
106:106-111.

Yayama K, Hiyoshi H, Imazu D, and Okamoto H (2006) Angiotensin II stimulates
endothelial NO synthase phosphorylation in thoracic aorta of mice with
abdominal aortic banding via type 2 receptor. Hypertension 48:958-964.

Steckelings et al.

Yayama K, Horii M, Hiyoshi H, Takano M, Okamoto H, Kagota S, and Kunitomo M
(2004) Up-regulation of angiotensin II type 2 receptor in rat thoracic aorta by
pressure-overload. J Pharmacol Exp Ther 308:736-743.

Yee DK, Heerding JN, Krichavsky MZ, and Fluharty SJ (1998) Role of the amino
terminus in ligand binding for the angiotensin II type 2 receptor. Brain Res Mol
Brain Res 57:325-329.

Ylisaukko-oja T, Rehnstrom K, Vanhala R, Tengstrom C, Lahdetie J, and Jarvela I
(2004) Identification of two AGTR2 mutations in male patients with non-
syndromic mental retardation. Hum Genet 114:211-213.

Yong J, Yan L, Wang J, Xiao H, and Zeng Q (2018) Effects of compound 21, a non-
peptide angiotensin II type 2 receptor agonist, on general anesthesia-induced
cerebral injury in neonatal rats. Mol Med Rep 18:5337-5344.

Yoshimura Y, Karube M, Aoki H, Oda T, Koyama N, Nagai A, Akimoto Y, Hirano
H, and Nakamura Y (1996) Angiotensin II induces ovulation and oocyte
maturation in rabbit ovaries via the AT2 receptor subtype. Endocrinology
137:1204-1211.

You D, Loufrani L, Baron C, Levy BI, Widdop RE, and Henrion D (2005) High
blood pressure reduction reverses angiotensin II type 2 receptor-mediated
vasoconstriction into vasodilation in spontaneously hypertensive rats.
Circulation 111:1006-1011.

Yu L, Zheng M, Wang W, Rozanski GJ, Zucker IH, and Gao L (2010)
Developmental changes in AT1 and AT2 receptor-protein expression in rats. J
Renin Angiotensin Aldosterone Syst 11:214-221.

Yue J and Lépez JM (2020) Understanding MAPK signaling pathways in apoptosis.
Int J Mol Sci 21:E2346.

Yusuf S, Teo KK, Pogue J, Dyal L, Copland I, Schumacher H, Dagenais G, Sleight
P, and Anderson C; ONTARGET Investigators (2008) Telmisartan, ramipril, or
both in patients at high risk for vascular events. N Engl J Med 358:1547-1559.

Yvan-Charvet L, Even P, Bloch-Faure M, Guerre-Millo M, Moustaid-Moussa N,
Ferre P, and Quignard-Boulange A (2005) Deletion of the angiotensin type 2
receptor (AT2R) reduces adipose cell size and protects from diet-induced obesity
and insulin resistance. Diabetes 54:991-999.

Zemel S, Millan MA, Feuillan P, and Aguilera G (1990) Characterization and
distribution of angiotensin-II receptors in the primate fetus. J Clin Endocrinol
Metab 71:1003-1007.

Zha D, Cheng H, Li W, Wu Y, Li X, Zhang L, Feng Y-H, and Wu X (2017) High
glucose instigates tubulointerstitial injury by stimulating hetero-dimerization of
adiponectin and angiotensin II receptors. Biochem Biophys Res Commun
493:840-846.

Zhang H, Han GW, Batyuk A, Ishchenko A, White KL, Patel N, Sadybekov A,
Zamlynny B, Rudd MT, Hollenstein K, et al. (2017) Structural basis for
selectivity and diversity in angiotensin II receptors. Nature 544:327-332.

Zhang H, Unal H, Gati C, Han GW, Liu W, Zatsepin NA, James D, Wang D, Nelson
G, Weierstall U, et al. (2015) Structure of the angiotensin receptor revealed by
serial femtosecond crystallography. Cell 161:833-844.

Zhang J and Pratt RE (1996) The AT2 receptor selectively associates with Gialpha2
and Gialpha3 in the rat fetus. J Biol Chem 271:15026-15033.

Zhang X, Lassila M, Cooper ME, and Cao Z (2004) Retinal expression of vascular
endothelial growth factor is mediated by angiotensin type 1 and type 2 receptors.
Hypertension 43:276-281.

Zhang Y, Xiu M, Jiang J, He J, Li D, Liang S, and Chen Q (2016) Novokinin
inhibits gastric acid secretion and protects against alcohol-induced gastric injury
in rats. Alcohol 56:1-8.

Zhang Z, Shen K, Lu W, and Cole PA (2003) The role of C-terminal tyrosine
phosphorylation in the regulation of SHP-1 explored via expressed protein
ligation. J Biol Chem 278:4668-4674.

Zhao L, al-Tubuly R, Sebkhi A, Owji AA, Nunez DJ, and Wilkins MR (1996)
Angiotensin II receptor expression and inhibition in the chronically hypoxic rat
lung. Br J Pharmacol 119:1217-1222.

Zhao T, Ding X, Chang B, Zhou X, and Wang A (2015) MTUS1/ATIP3a down-
regulation is associated with enhanced migration, invasion and poor prognosis in
salivary adenoid cystic carcinoma. BMC Cancer 15:203.

Zhao T, He Q, Liu Z, Ding X, Zhou X, and Wang A (2016) Angiotensin II type 2
receptor-interacting protein 3a suppresses proliferation, migration and invasion
in tongue squamous cell carcinoma via the extracellular signal-regulated kinase-
Snai2 pathway. Oncol Lett 11:340-344.

Zhao Y, Foryst-Ludwig A, Bruemmer D, Culman J, Bader M, Unger T, and
Kintscher U (2005) Angiotensin II induces peroxisome proliferator-activated
receptor gamma in PC12W cells via angiotensin type 2 receptor activation.
Neurochem 94:1395-1401.

Zhao Y, Litzen U, Fritsch J, Zuhayra M, Schitze S, Steckelings UM, Recanti C,
Namsoleck P, Unger T, and Culman J (2015) Activation of intracellular
angiotensin ATs; receptors induces rapid cell death in human uterine
leiomyosarcoma cells. Clin Sci (Lond) 128:567-578.

Zhou A, Dekker GA, Lumbers ER, Lee SY, Thompson SD, McCowan LME, and
Roberts CT; SCOPE consortium (2013) The association of AGTR2 polymorphisms
with preeclampsia and uterine artery bilateral notching is modulated by
maternal BMI. Placenta 34:75-81.

Zhu M, Gelband CH, Moore JM, Posner P, and Sumners C (1998) Angiotensin II
type 2 receptor stimulation of neuronal delayed-rectifier potassium current
involves phospholipase A2 and arachidonic acid. J Neurosci 18:679-686.

Zhu YZ, Zhu YC, Li J, Schéfer H, Schmidt W, Yao T, and Unger T (2000) Effects of
losartan on haemodynamic parameters and angiotensin receptor mRNA levels in
rat heart after myocardial infarction. J Renin Angiotensin Aldosterone Syst
1:257-262.

Zhuo J, Dean R, MacGregor D, Alcorn D, and Mendelsohn FA (1996) Presence of
angiotensin II AT2 receptor binding sites in the adventitia of human kidney
vasculature. Clin Exp Pharmacol Physiol Suppl 3:5S147-S154.

Ziogas A, Moelling K, and Radziwill G (2005) CNK1 is a scaffold protein that
regulates Src-mediated Raf-1 activation. J Biol Chem 280:24205-24211.



Angiotensin ATy Receptor: A Novel Therapeutic Target

Zizzo MG, Auteri M, Amato A, Caldara G, Nuzzo D, Di Carlo M, and Serio R (2017)
Angiotensin II type II receptors and colonic dysmotility in 2,4-dinitrofluorobenzenesulfonic
acid-induced colitis in rats. Neurogastroenterol Motil 29:¢13019.

Zizzo MG, Caldara G, Bellanca A, Nuzzo D, Di Carlo M, and Serio R (2020)
PD123319, angiotensin II type II receptor antagonist, inhibits oxidative stress
and inflammation in 2, 4-dinitrobenzene sulfonic acid-induced colitis in rat and
ameliorates colonic contractility. Inflammopharmacology 28:187-199.

1135

Zulli A, Burrell LM, Widdop RE, Black MJ, Buxton BF, and Hare DL (2006)
Immunolocalization of ACE2 and AT2 receptors in rabbit atherosclerotic plaques.
J Histochem Cytochem 54:147-150.

Zulli A, Hare DL, Buxton BF, and Widdop RE (2014) Vasoactive role for angiotensin II
type 2 receptors in human radial artery. In¢ J Immunopathol Pharmacol 27:79-85.
Zwart AS, Davis EA, and Widdop RE (1998) Modulation of AT1 receptor-mediated
contraction of rat uterine artery by AT2 receptors. Br J Pharmacol 125:1429-1436.



	s1
	s2
	s2A
	s2B
	s3
	s3A
	s3A1
	s3A2
	s3B
	s3B3
	s3B4
	s3B5
	s3B6
	s3C
	s3C7
	s3C7a
	s3C7b
	s3C7c
	s3C8
	s3C8d
	s3C8d1
	s3C8d2
	s3C8e
	s3C8f
	s3C9
	s3D
	s3D10
	s3D11
	s3D12
	s3D13
	s3D14
	s3D15
	s3D16
	s3E
	s3E17
	s3E18
	s3E19
	s3E20
	s3E21
	s3E22
	s3E23
	s3E24
	s3E25
	s3E26
	s3E27
	s3E28
	s4
	s4A
	s4A1
	s4A1a
	s4A1b
	s4A1c
	s4A1d
	s4A1e
	s4A2
	s4A2f
	s4A2g
	s4A2h
	s4A2i
	s4A2j
	s4A3
	s4B
	s4B4
	TF1
	TF2
	TF3
	TF4
	TF5
	s4B5
	s4C
	s4C6
	s4C7
	s4C8
	s5
	s5A
	s5B
	s5B1
	s5B2
	s5C
	s5D
	s5D3
	s5D4
	s6
	s6A
	s6A1
	s6A2
	s6A3
	s6A4
	s6A5
	s6A6
	s6A7
	s6A8
	s6A9
	s6A10
	s6B
	s6B11
	s6B12
	s6B13
	s6B14
	s6C
	s6C15
	s6C16
	s6C17
	s6C18
	s6C19
	s6C20
	s6D
	s6D21
	s6D22
	s6D23
	s6E
	s6E24
	s6E25
	s6F
	s6F26
	s6F27
	s6F28
	s6F29
	s6F30
	s6F31
	s6F32
	s6F33
	s6F34
	s6F35
	s6F36
	s6G
	s6G37a
	s6G37b
	s6G37c
	s6G38d
	s6G38e
	s6G38f
	s6G38g
	s6H
	s6I
	s6I39
	s6I40
	s7
	s7A
	s7B
	s7C
	s7D
	s7E
	s8
	s9

