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PERSPECTIVES

The Angiotensin Il Type T(ATT) Receptor and Cardiac
Hypertrophy: Did We Have It Wrong All Along?

Fouad A. Zouein, PhD,* Raffaele Altara, PhD,1]§ Gaelle P. Massoud, BS,* and George W. Booz, PhDY

Abstract: An ongoing issue in cardiac pharmacology is whether
angiotensin II has direct growth promoting effects on the heart via
the angiotensin II type 1 (AT1) receptor. This question has relevance
for whether angiotensin-converting enzyme inhibitors and ATI1
receptor blockers offer additional benefit in preventing adverse
cardiac remodeling in hypertension. In a recent study, 2 strains of
mice were infused with angiotensin II. In both, AT1 receptors were
deleted in the heart and conduit vessels, but in one, AT1 receptors
were also deleted in resistance vessels. Angiotensin II caused
hypertrophy and hypertension in the strain lacking ATI receptors
in the heart and conduit vessels, but not in the strain without AT1
receptors in resistance vessels. This finding supports the conclusion
that blood pressure is more important in determining cardiac
hypertrophy than direct AT1 activation by angiotensin II, when the
two are rapidly and simultaneously introduced. Surprisingly, mice
with no cardiac ATI receptor expression developed ventricular
dilation and eccentric hypertrophy with pressure overload, in
contrast to wild type mice that exhibited concentric hypertrophy,
suggesting that cardiac AT1 receptors protect against high blood
pressure. This interpretation revives issues related to B-arrestin-
biased signaling and mechanosensitivity of AT1 receptors. Synthetic
nanobodies, which are based on the variable regions of camelid-
derived heavy chain—only antibodies, could be applied to explore
the therapeutic potential of exploiting different activation states of
AT1 under stress conditions, such as hypertension and heart failure.
At the very least, this experimental approach is likely to reveal new
facets of AT1 receptor signaling in the heart.
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INTRODUCTION

Hypertension causes adverse cardiac remodeling that
involves both fibrosis and cardiomyocyte hypertrophy and
can lead to heart failure. Indeed, increased left ventricular
mass is an independent predictor of morbidity and mortality.!
The renin-angiotensin system (RAS) has a central role in
contributing to blood pressure increases through positive
actions on renal water and sodium retention as well as vaso-
constriction. Therefore, it is not surprising that angiotensin-
converting enzyme (ACE) inhibitors and angiotensin II (Ang
II) type 1 receptor blockers (ARBs) are effective in attenuat-
ing hypertension. These RAS inhibitors have also proven
superior in reducing the associated left ventricular hypertro-
phy and cardiovascular mortality.> A perennial question over
the last 4 decades is whether the effectiveness of ACE inhib-
itors and ARBs in attenuating cardiac remodeling is solely
attributable to the decrease in blood pressure or whether
blockade of a direct action at the cellular level in the heart
is a contributing factor. In other words, do ACE inhibitors and
ARBs offer additional blood pressure—independent benefits in
treating hypertension-related cardiac hypertrophy and heart
failure? Very often, the question is phrased in terms of
whether Ang II has direct growth promoting effects on the
heart independent of its ability to increase blood pressure.

Choose Your Model

Evidence both for and against the “added benefit prop-
osition” has been reported, such that no definitive conclusion
one way or the other is perhaps possible. For instance, in the
early 1990s, a series of in vivo preclinical studies in rodents
using subpressor levels of Ang II provided support for its
direct effect in stimulating cardiac remodeling®; however,
chronic infusion of subpressor levels of Ang II does invari-
ably lead to hypertension.*° Plus, chronic infusion of a sub-
pressor dose of Ang II may downregulate cardiac ATI1
receptor levels,” although left ventricular AT1 receptor levels
may increase in the diseased state.®® Genetic deletion of the
dominate AT1A receptor gene in the mouse was reported not
to affect pressure overload—induced cardiac hypertrophy,!'%-1!
but because these are germline knockouts, one could raise an
issue of potential genetic compensation in the heart.
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Both cardiac myocytes and fibroblasts express ATI
receptors, and studies with the latter in culture, provide ample
evidence for a role of Ang II in cardiac fibrosis.!>~'* Most of
the evidence for a direct hypertrophic growth effect of Ang II
on cardiac myocytes was obtained from cultured neonatal rat
ventricular myocytes. Obviously, culture conditions (eg, the
absence or levels of serum) are an important determinant in
establishing these actions. Nonetheless, growth promoting
actions of Ang II are demonstrable, although relatively mod-
est compared with other stimuli.'®> An additional nuance re-
vealed by these in vitro studies is that the AT1 receptor can
couple to hypertrophy of cardiac myocytes in response to
mechanical stretch, both dependent and independent of ago-
nist activation.!® In other words, AT1 seems to serve as a
mechanosensor in the heart. Sadoshima and colleagues
showed that stretch-induced hypertrophy of neonatal rat ven-
tricular myocytes involves upregulation of the angiotensino-
gen gene and autocrine release of Ang I1.'7-13 However, the
situation in the adult heart may be different. Indeed, pressure
overload—induced cardiac hypertrophy in angiotensinogen
null mice could be blocked by candesartan.'® However, off-
target actions of some ARBs need to be considered.!® Finally,
kidney transplant studies provided evidence that extra-renal
ATI1A receptors are not required for hypertension or cardiac
hypertrophy in the mouse in response to Ang II infusion.?°
Yet, the possibility of potential experimental immunosup-
pression or preconditioning associated with the transplant
procedure may need to be addressed.?! The reader is directed
to 2 articles that summarize the controversies concerning the
direct hypertrophic actions of Ang II on the heart.3-22

There is compelling clinical evidence supporting the
superiority of RAS blockade in prevention and regression of
left ventricular hypertrophy as opposed to some other
antihypertensive therapies.”> What remains uncertain is
whether this superiority occurs at the level of the heart.
Certainly, a number of studies have shown that cardiac hyper-
trophy can be targeted independently of increased blood pres-
sure. Regarding Ang II, Rockman et al** also reported that
cardiac hypertrophy in mice in response to transverse aortic
constriction could be attenuated by an ARB independent of
any blood pressure lowering actions. In addition, knockdown
of a disintegrin and metalloproteinase 17 (ADAM17) attenu-
ated cardiac hypertrophy in the spontaneously hypertensive
rat without diminishing blood pressure. ADAM17, which has
sheddase activity for cleaving the ectodomain of several pre-
cursor molecules, releases heparin-binding epidermal growth
factor (EGF)-like growth factor that binds the EGF receptor
(EGFR).?® This latter study is intriguing as Ang II has been
implicated in vascular smooth muscle cell (VSMC) hypertro-
phy by its upregulation of ADAM17 and enhanced coupling
of the AT1 receptor to EGF receptor (EGFR) signaling and
downstream  endoplasmic  reticulum  (ER)  stress.?®
Surprisingly, inhibition of EGFR or ER stress was found
not only to attenuate vascular remodeling in mice infused
with Ang I, but also cardiac hypertrophy, without affecting
the induced hypertension. Notably, Odenbach et al*’ also
implicated ADAM17, along with matrix metalloproteinase 7
(MMP-7), in Ang II-induced cardiac hypertrophy and remod-
eling. Evidence was found that hypertension occurred
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downstream of MMP-7 and ADAM17 activation (and cardiac
hypertrophy) at the level of MMP-2. A recent study further
implicated ADAM17 of VSMCs in Ang Il-induced cardiac
hypertrophy, independent of increased blood pressure.?8
Thus, smooth muscle AT1 receptor function may regulate
cardiac hypertrophy by intercellular signaling and paracrine
factors involving the vasculature.?®

Context is Everything

What is clear from many studies is that increased blood
pressure is a potent inducer of cardiac hypertrophy and
myocytes undergo hypertrophy in response to mechanical
stretch. By contrast, the actions of Ang II that are independent
of blood pressure seem to be more subtle. Ang II has the
potential to induce cardiac myocyte growth given the proper
conditions. Additional mechanisms of action for Ang II may
be relevant as well, such as the postulated involvement of
endogenously generated intracellular angiotensin in cardiac
myocyte growth that acts entirely within the cell in an
intracrine manner.’%3! In addition, autocrine loops may
amplify Ang II signaling in the heart. For instance, release
of preformed Ang II from stretched adult papillary muscle
was shown to act via the AT1 receptor to trigger a number
of sequential steps, each of which is implicated in cardiac
hypertrophy, namely, release/formation of endothelin-1,
increase in intracellular Ca?* and protein kinase C activity,
and enhanced contractility.3?34

An often underappreciated aspect of RAS signaling in
the heart is homeostasis, manifesting as a balance between
opposing outcomes (Fig. 1). For instance, Ang II or its break-
down product Ang III interact with the Ang II type 2 receptor
(AT2), which is purportedly linked to antihypertrophic
actions, although these actions are controversial and may
simply represent a “sponging effect.”?! More notable, gener-
ation of Ang-(1-7) from Ang Il by ACE2 in the heart opposes
the prohypertrophic and profibrotic actions of Ang II by acti-
vation of the Mas receptor.3>—40 Recently, alamandine, which
is a natural analog of Ang-(1-7) produced by decarboxylation
of the Asp' residue to Ala', was shown to exert antihyper-
trophic and antifibrotic effects independent of blood pressure
lowering actions, by the Mas-related G protein—coupled
receptor member D (MrgD).*! Given both the low levels of
AT1 receptor in the heart and the presence of counteracting G
protein—coupled receptors activated by Ang II and/or its
derivatives, one wonders whether you could realistically
expect a significant contribution of Ang II to cardiac hyper-
trophy independent of blood pressure.

The Battle Rages on

The latest salvo in the ongoing conflict between blood
pressure alone and additional actions of Ang II appears in a
recent study published in the journal Hypertension.*> The
authors compared the response to Ang II infusion with 2
mouse lines in which the ATI1 receptor was deleted in cardi-
omyocytes and either in VSMCs of conduit vessels alone (C-
SMKO) or in VSMCs of both conduit and resistance vessels
(R-SMKO). The blood pressure enhancing actions of Ang II
are eliminated only in the latter. The authors report that Ang
I infusion caused both hypertrophy and hypertension in the
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FIGURE 1. Conflicting actions of Ang Il and AT1
receptor in the heart. The AT1 receptor in cardiac
myocytes has been linked to adverse signaling
events, such as oxidative stress and hypertrophy.
However, multiple activation states exist for the
AT1 receptor. Balanced agonists, B-arrestin-
biased agonists, and mechanical stress likely acti-
vate overlapping profiles of signaling pathways
and ion channels by the AT1 receptor, but spa-
tiotemporal context and relative activation levels
are probably determining factors in the outcome.
B-arrestin-biased agonists and mechanical stress
may couple to protective events through the AT1
receptor. Ang Il and Ang lll may attenuate cardiac
hypertrophy by interacting with the AT2 receptor.
Moreover, formation of Ang-(1-7) in the heart
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from Ang Il by ACE2 opposes the prohypertrophic actions of Ang Il by activation of the Mas receptor. Ala-Ang-(1-7) (aka ala-
mandine) produced by decarboxylation of the Asp’ residue, exerts antihypertrophic and antifibrotic effects by the MrgD receptor.
For the sake of expediency, only those signaling players relevant to the discussion in the text are summarized. APA, amino-
peptidase A. See text for additional details and abbreviations. Some of the content is adapted from Servier Medical Art (https://

smart.servier.com/).

C-SMKO mice, but no hypertrophy nor hypertension in the
latter. This was so, although cardiac oxidative stress was
remarkably reduced by deletion of AT1 receptors in the heart.
Altogether their findings support the primacy of blood pres-
sure in the cardiac remodeling associated with increased Ang
II. The authors are to be congratulated for an elegant study
that provides definitive findings. Nonetheless, and as noted by
the authors, their findings do not negate the possibility that
with extended activation of RAS over many years, which
would be more representative of the human conditions, Ang
II may stimulate remodeling directly at the level of the cardiac
AT receptor.

Protective Role of Biased AT1 Signaling

What would otherwise have been a perfunctory effort to
show that hearts of R-SMKO mice were still capable of
undergoing hypertrophy, yielded an intriguing finding.*?> In
contrast to the hearts of wild type mice that exhibited the
anticipated concentric hypertrophy in response to acute pres-
sure overload, R-SMKO hearts developed ventricular dilation
and eccentric hypertrophy. Concentric hypertrophy, which
would be attributable to increased pressure, is readily revers-
ible, in contrast to ventricular dilation. Setting aside any pos-
sible adverse consequences of Cre recombinase activity and
presenting the authors interpretation, the AT1 receptor may
offer protection against acute pressure overload. This is con-
sistent with previous reports of the beneficial actions of -
arrestin-biased signaling through AT1 in the heart (Fig. 1).

In simple terms, G protein—coupled receptors (GPCRs)
are believed to adapt different high-affinity conformations
that signal either through G protein activation (Ga, in the
case of ATI; hereto designated Gq) or B-arrestin. Different
ligands stabilize different conformations, which likely are
multiple. Ang II is a balanced agonist at the AT1 receptor,
activating both Gq and [-arrestin signaling, whereas
TRV120023 and TRV120026 are B-arrestin-biased ago-
nists. PB-arrestin-biased ATl receptor signaling was

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

implicated in the Frank—Starling mechanism, that is, the
enhanced contractility of the heart that is observed with
increased filling.*> Moreover, TRV120023-induced [-arrestin
AT1 receptor signaling activates cardioprotective ERK1/2
and Akt signaling in the heart and reduces apoptosis from
ischemia-reperfusion injury.** Stretch itself is a P-arrestin-
biased “agonist” of the ATI receptor linked to EGFR trans-
activation and ERK activation, surprisingly through the
intermediacy of Ga,;.*> Notably, ERK1/2 signaling is impor-
tant for coordinating concentric versus eccentric growth of the
heart.*® Besides activating the Mas receptor, Ang-(1-7) is a
B-arrestin-biased agonist of the ATI receptor,*’*® which
contributes in part to its antihypertrophic actions on the heart.
Altogether these findings indicate that the AT1 receptor itself
activates conflicting signaling events in the heart. Perhaps,
stretch stabilizes a conformation of the AT1 receptor that is
more “MrgD like” in its signaling. Notably, genetic deletion
of MrgD, which is expressed by cardiac myocytes, was
recently reported to be associated with pronounced dilated
cardiomyopathy, supporting the idea that the RAS has pro-
tective actions in the heart.*

Failure to Translate Thus Far

The P-arrestin-biased ATl  receptor  agonist
TRV120027 competitively blocks Ang II-stimulated G pro-
tein signaling, but activates several kinase pathways, includ-
ing ERK1/2 and Src and eNOS phosphorylation, by coupling
to B-arrestin.>® This agonist enhances cardiac contractility and
preserves cardiac stroke volume, without increasing myocar-
dial oxygen demand, as it also reduces blood pressure and
afterload. TRV120027 inhibits Ang II-mediated vasoconstric-
tion, but its actions on AT1 receptors of VSMC (and other
cell types) warrant further investigation.>! Enhanced contrac-
tility may be due to phosphorylation of contractile machinery
components.?!  Based on its pharmacological profile,
TRV120027 would seem to have therapeutic potential for
treating poor heart contractile performance. In heart failure
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dogs, TRV120027 was shown to have cardiac unloading
actions, whereas renal function is preserved.’! However, in
the BLAST-HF trial on patients with acute heart failure,
TRV120027 did not exhibit any benefit, although this may
have been because there was no activation of the RAS under
these conditions.>2

Nanobodies to the Rescue

There may be another reason why TRV120027 did not
translate well. Membrane stretch and B-arrestin-biased
ligands would seem to stabilize biased ATIR conformations
that are distinct from each other.>®> The question becomes
could a ligand be designed to mimic the effects of stretch on
the ATI1 receptor. One approach could involve nanobodies,
which are based on the variable regions of camelid-derived
heavy chain—only antibodies.’* The bivalent nanobody ca-
placizumab was recently approved by the European
Medicines Agency and the US Food and Drug Administration
as a first-in-class medication for the treatment of thrombotic
thrombocytopenic purpura.>?

Their small size and unique structural features, includ-
ing small convex paratope, relatively long protruding CDR3
loops, and ability to bind conformational epitopes, make
nanobodies ideal potential drug candidates for GPCRs. They
may be selected to bind extracellularly (both orthosteric and
allosteric binding sites) and to the highly conserved intracel-
lular pocket of class A GPCRs.>® Extracellular binding nano-
bodies can act as antagonists, inverse agonists, or allosteric
modulators. Those that bind intracellularly can modulate
biased signaling or receptor tracking among other actions.>*
Nanobodies have been described that target a growing list of
class A GPCRs, including chemokine receptors (eg, CXCR2
and CXCR4) and the B-2 adrenergic receptor.>* A synthetic
yeast-displayed nanobody library was used to screen for an
intracellular binding nanobody that stabilized binding of an
Angll analog with partial agonist activity for crystallization
studies aimed at defining the molecular activation mecha-
nisms of AT1.°7 A complementary approach was recently
used to select for a nanobody that binds to the extracellular
side of the AT1 receptor and antagonizes signaling through
both the G protein and B-arrestin pathways.> The identified
nanobody exhibited antihypertensive actions in vivo in a
mouse model that were comparable with the ARB losartan.
Given the potential role of Ga; in stretch-induced P-arrestin-
biased signaling of the AT1 receptor, a nanobody that targets
the extracellular face of the receptor may be more promising.

CONCLUSION AND FUTURE PERSPECTIVES

Certainly, increased blood pressure plays a dominate
role in cardiac hypertrophy, especially in experimental
models, and the role of Ang II, if any, likely diminishes as
blood pressure increases. But are we asking the right
question? The study by Sparks et al*> suggests that we are
not. The relationship between AT1 receptor and blood pres-
sure is still undefined, as in the absence of cardiac ATI,
eccentric hypertrophy seems to dominate in response to high
blood pressure. What we need to know is the contributing role
of ATI receptor signaling, and that of other GPCRs, under

534 | www.jevp.org

chronic stress conditions to the development or progression of
heart failure. It may actually be beneficial, by preventing
ventricular dilation and eccentric hypertrophy. This is a much
more nuanced question than the binary one of whether Ang II
signaling contributes to cardiac hypertrophy in high blood
pressure that was raised so many years ago and formed the
basis of the study by Sparks et al*?> Moreover, is the ATI
receptor permissive for cardiac concentric hypertrophy (at
least at high blood pressures) and, if so, can we tease apart
the protective actions of the AT1 receptor from those permis-
sive effects? Can we make the AT1 receptor more like the
Mas and MrgD receptors? The ongoing developments in tech-
nologies, such as nanobodies or pepducins (palmitoylated
cell-penetrating peptides that are derived from the intracel-
lular loop or pocket of GPCR and serve as allosteric modu-
lators of signaling) may help answer these questions.
Certainly, by now, it seems clear that AT1 has not yet re-
vealed all of its secrets.
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