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Abstract

Systolic heart failure (HF) is a chronic clinical syndrome characterized by the reduction in cardiac
function and still remains the disease with the highest mortality worldwide. Despite considerable
advances in pharmacological treatment, HF represents a severe clinical and social burden.
Chronic human HF is characterized by several important neurohormonal perturbations, emanating
from both the autonomic nervous system and the adrenal glands. Circulating catecholamines
(norepinephrine and epinephrine) as well as aldosterone elevations are among the salient
alterations that confer significant hormonal burden on the already compromised function of the
failing heart. This is why sympatholytic treatments (such as B-blockers) and renin-angiotensin
system inhibitors or mineralocorticoid receptor antagonists that block the effects of angiotensin

I1 (Angll) and of aldosterone on the failing heart, are part of the mainstay HF pharmacotherapy
presently. The adrenal gland plays important parts in modulation of cardiac neurohormonal stress,
since it is the source of almost all aldosterone, of all epinephrine, and of a significant amount of
norepinephrine reaching the failing myocardium from the blood circulation. Synthesis and release
of these hormones in the adrenals is tightly regulated by adrenal G protein-coupled receptors
(GPCRs), such as adrenergic receptors (ARs) and Angll receptors. In this review, we discuss
important aspects of adrenal GPCR signaling and regulation, as they pertain to modulation of
cardiac function in the context of chronic HF, by focusing on the two best studied adrenal GPCR
types in that context, ARs and Angll receptors (AT,Rs). Particular emphasis is given to findings
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from the past decade and a half that highlight the emerging roles of the GPCR-kinases (GRKSs)
and the p-arrestins in the adrenals, two protein families that regulate the signaling and function of
GPCRs in all tissues, including the myocardium and the adrenal gland.
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Introduction

Chronic systolic heart failure (HF) or HF with reduced ejection fraction (HFrEF) is

a clinical syndrome characterized by impaired left ventricular (LV) function with the
inability to adequately maintain tissue perfusion and support bodily functions. HFrEF
represents the leading cause of mortality in the western world, even after adjustment for
the coronavirus-induced disease (COVID)-19 pandemic toll [1]. Two of the most important
neurohormonal mechanisms driving the morbidity of the disease are sympathetic nervous
system (SNS) hyperactivity, coupled with renin-angiotensin-aldosterone system (RAAS)
activation. This is the basis for the utilization of sympatholytic drugs such as p-blockers,

of angiotensin-converting enzyme (ACE) inhibitors, Angll receptor type 1 (AT1R) blockers
(sartans) and mineralocorticoid receptor antagonists (MRAS) in the treatment of advanced
stage chronic HF with reduced ejection fraction (HFrEF) [2,3]. Increased levels of the
neurotransmitter norepinephrine (NE) in the cardiac sympathetic nerve terminals [4],
combined with increased circulating levels of the hormone epinephrine (Epi) secreted from
the adrenal medulla, are part of the SNS’s attempt to compensate for the diminished cardiac
dysfunction. However, if the cardiac decompensation cannot be reversed fast enough,

it becomes permanent rendering the heart subject to the Laplacés law of elevated free
ventricular wall pressures, no longer operating under the Frank-Starling law of cardiac
elasticity [6-8]. Additionally, cardiac hypertrophy and contractile dysfunction also ensue
due to impairments of adrenergic regulation and positive force-frequency relationship.

NE and Epi, which, along with dopamine, constitute the endogenous catecholamines (CAs),
bind to adrenergic receptors (ARs). All ARs are G protein-coupled receptors (GPCRS),

also known as seven-transmembrane spanning or heptahelical receptors), and responsible
for the cellular effects of the SNS in the body. Nine different AR subtypes are encoded

in the human genome: three a.1-, three ay (aoa, asg, asc), and three B (B1, B2, B3) [9].

As GPCRs, the ARs are plasma membrane receptors activating heterotrimeric guanine
nucleotide-binding (G) proteins upon against activation. The p1- and B2ARs primarily
couple to stimulatory G proteins, through the alpha subunit of which they activate adenylyl
cyclase (AC) to synthesize the second messenger cyclic adenosine monophosphate (CAMP)
[10]. GPCR-kinases (GRKSs), whose main ubiquitously expressed member isoforms are
GRK2 and GRKS5, phosphorylate GPCRs to induce p-arrestin binding, which then decouples
the receptor from G proteins and typically targets it for clathrin-dependent internalization
[11-13]. In addition, as the receptor-p-arrestin complex traffics inside the cell to either
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reach the lysosome for degradation (receptor downregulation) or return to the plasma
membrane ready for another round of activation (resensitization), p-arrestins can mediate
G protein-independent signaling via effector scaffolding [11-14]. Of note, the two main
cardiac BAR subtypes have some fundamental differences in their functional and signaling
features. For instance, the B1AR is by far the predominant subtype expressed at a ~3:1
ratio compared to the B2AR in cardiac myocytes [15,16] and is pro-apoptotic, whereas

the BoAR anti-apoptotic [17-21]. This distinction is particularly significant, given the fact
that the cardiomyocyte B1AR is directly activated by the NE released from cardiac SNS
terminals [22], whereas the anti-apoptotic B,AR is mainly activated by the circulating

in the blood Epi, for which it has a much (~14-fold) higher affinity than for NE [23].
Sympathetic neurons lack phenylethanolamine-N-methyl-transferase (PNMT), the enzyme
that converts NE to Epi, so they only release NE, not Epi [24,25]. Furthermore, the

B1AR is selectively downregulated in human failing hearts but the B,AR is dysfunctional
(severely desensitized) despite its levels being preserved [26,27]. In the context of chronic
HFrEF, high CA levels induce pathological adverse remodeling in the heart consisting of
apoptosis, fibrosis, and inflammation [28-30]. NE increases cardiac oxygen consumption
and metabolic demand, leading to cardiomyocyte death and left ventricular dilatation/dilated
cardiomyopathy [31]. Cardiac GRK2 upregulation is a hallmark of chronic end-stage human
HF but also experimental systolic HF in animal models [32-35] (Figure 1). Even in the
absence of disease, cardiac GRK2 levels are inversely proportional to contractile function
[36]. GRK2 not only regulates CA-dependent contractility but also cardiac apoptosis, since
it increases apoptosis via its mitochondrial localization, although this remains controversial
as other groups have proposed a cardioprotective role for mitochondrial GRK2 [37,38].
Finally, several AR polymorphisms are associated with human HF severity as well as
response to B-blocker treatment [39-41].

The role of locally released NE in the failing myocardium, as well as the perturbations in
cardiac sympathetic innervation and NE synthesis, storage, and reuptake in chronic HF are
well-established and extensively documented [41-46]. What had not been investigated at
all, until about 15 years ago, was the role (if any) the adrenal CA secretion component of
the SNS plays in chronic HF. As it turned out, the role of the adrenal source of CAs is
equally important as that of cardiac sympathetic neuron-derived NE and, in the following
sections, we review all these studies that helped elucidate this, with a focus on the two best
studied adrenal GPCR types, aARs in the adrenal medulla and AT1Rs in the adrenal cortex,
both of which fine-tune cardiac function via modulation of CA and aldosterone secretions,
respectively.

Adrenal ARs and the failing heart

A salient pathophysiological feature of chronic HF is SNS hyperactivity, reflected by
increased levels of circulating Epi and NE [47-49]. Adrenal CA secretion is stimulated

by nicotinic cholinergic receptors in the membranes of chromaffin cells and is fine-tuned by
presynaptic inhibitory a,ARs [49-52] (Figure 1). Of note, the human adrenal medulla also
expresses all three BAR subtypes but these receptors operate as facilitatory autoreceptors,
i.e., they augment CA release upon CA binding and activation [53]. In fact, a,AR is

the only one or one of the only two adrenal GPCR types (the possible other one being
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adenosine receptors) identified to date that inhibits CA secretion [52]. a,ARs, similarly to
B1- and B2ARs (but not B3ARs), undergo GRK-dependent desensitization [54-57]. Out of
the seven human GRK isoforms (GRK1-7), GRK2 is the most abundant GRK in the heart
and adrenals and it is significantly upregulated in the adrenal gland during chronic HF as it
is in the heart [58]. As we and others have documented over the past 15 years, this GRK2
upregulation in the adrenal medulla is responsible for severe adrenal a,AR dysfunction

in chronic HF, leading to a loss of the sympatho-inhibitory function by these receptors;
thus, CA secretion is chronically elevated [58-62] (Figure 1). Importantly, GRK2 inhibition
in the adrenal chromaffin cells, without any simultaneous intervention to cardiac GRK2,
results in improved cardiac function and AR number and signaling, as well as lower GRK2
levels in the failing myocardium [58]. In other words, just by lowering circulating Epi and
NE levels, adrenal GRK2 blockade restores or at least ameliorates cardiac inotropic and
adrenergic reserves [58]. Therefore, a crucial crosstalk at the level of entire organs seems

to exist in chronic HF, via which adrenal GRK2 tightly regulates circulating CA levels,
SNS activity, and cardiac function, as well as levels of its own activity in the heart, and
vice versa. Another important ramification of this cardio-adrenal GRK2 axis is that, since
circulating CA levels are kept at bay thanks to preservation of adrenal a,AR function,
GRK2 inhibition in both of these organs (heart and adrenals) would be projected to be a safe
positive inotropic therapy for HFrEF. In other words, cardiac contractility would be raised
without concomitant SNS hyperactivity, which carries significant cardio-toxic risks such as
arrhythmias, adverse remodeling, increased oxygen/metabolic demand, etc. [63].

Another study demonstrating the advantages of therapeutic targeting of adrenal GRK2 used
transgenic mice having GRK2 genetically deleted only in cells expressing PNMT. Thus,
these animals lack GRK2 expression in adrenal chromaffin cells [59]. The absence of GRK2
in the adrenal medulla led to significantly reduced SNS activity during progression to
chronic HF secondary to myocardial infarction (Ml), as reflected by circulating CA levels
measured at 4 weeks post-MI [59]. In addition, cardiac contractility, structure/morphology
(dilatation), and B-adrenergic responses were all improved [59]. Notably, the absence (from
birth) of GRK2 in adrenal chromaffin cells led to a significant upregulation of a,ARs in the
adrenals of these transgenic mice, in terms of both functional receptor number and G protein
signaling activity (i.e., diminished a,AR functional desensitization) [59]. Thus, GRK2 and
aoARs regulate each other reciprocally to fine-tune CA secretion from the adrenal medulla.
This study clearly demonstrated that halting the sympathetic activation immediately after an
MI thanks to adrenal GRK2 inhibition can help the heart work close to normal and limit
Ml-induced damage. Therefore, adrenal GRK2 blockade can achieve the exact same goal for
which B-blocker treatment is initiated in MI survivors.

Notably, adrenal GRK2 regulates CA secretion also under normal conditions, as its
inhibition via adrenal-specific delivery of BARKct lowers circulating CA levels in normal,
healthy animals, while GRK2 overexpression increases CA secretion [60]. In addition,
exercise training, beneficial for the cardiovascular system as it reduces HF-related SNS
hyperactivation, can also normalize adrenal GRK2 expression and a,AR function in HF
animal models [61,62]. It should also be emphasized that adrenal GRK2 is upregulated in
chronic HF irrespective of its etiology: apart from post-MI HF, adrenal GRK2 is elevated
in pressure overload-induced hypertrophic cardiomyopathy, as well [64]. In fact, the degree
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of cardiac hypertrophy was found to directly correlate with adrenal weight and function (as
measured by CA production) in this study [64].

Finally, one important question emanating from the studies described above was whether
adrenal GRK2 upregulation was indeed the cause of the elevated SNS activity that
accompanies and aggravates chronic HFrEF or merely an epiphenomenon of HFrEF, i.e.,
a symptom lacking causal relationship with the disease. A series of in vitro experiments in
chromaffin cells helped answer this question by showing that chronic exposure of a,ARs
to CAs by itself can directly upregulate GRK2 (transcriptionally) in chromaffin cells,
thereby instigating a,AR desensitization/dysfunction that leads to chronic hypersecretion
and excessive production of CAs [65]. This study was done in vitro and in a cellular context
completely unrelated to HF or any other disease [65]. Consequently, its findings provide
good evidence in support of the notion that it is the elevated SNS activity, i.e., the chronic
exposure to elevated CA levels, that drives adrenal GRK2 upregulation rather than the
presence of a certain pathology or disease, including chronic HF.

Other adrenal GPCRs and the failing heart

In addition to ARs, the adrenal medulla expresses a plethora of various other GPCR types
that regulate CA secretion, including, but not limited to, muscarinic cholinergic receptors
(mAChRs) [66], histaminergic H4 receptors [67], neuropeptide (NP)Y receptors Y1, Y2, Y4,
and Y5 [68-70], pituitary adenylyl cyclase-activating polypeptide (PACAP) receptor PAC-1
[71,72], and adrenomedullin receptors [73,74]. All of these typically facilitate (enhance) CA
secretion in response to acetylcholine stimulation. In contrast, very few adrenal GPCRs,
other than a,ARs, inhibit CA secretion, mainly p-opioid receptors (MORS) and purinergic
P2Y receptors for adenosine triphosphate (ATP) [75-79]. Nevertheless, apart from the ARs,
none of these other adrenal GPCRs (and their effects on CA secretion) have been studied in
relation to HF or regulation of cardiac function in general thus far.

Perhaps the most important, in terms of cardiac regulation, adrenal GPCR type apart

from ARs is the AT1R of Angll. This receptor can also augment CA secretion from the
adrenal medulla via mobilization of intracellular calcium that promotes exocytosis/secretion
[76]. This AT;R-induced, Ca%*-dependent exocytosis in adrenal chromaffin cells can be
mediated by p-arrestinl, a GPCR adapter protein and signal transducer. B-arrestinl directly
interacts with the Ca?* channel TRPC3 (short transient receptor potential channel-3) at

the plasma membrane eliciting CA secretion [80]. However, the main physiological role

of the AT¢R in the adrenal gland is mapped in the adrenal cortex, where it induces
synthesis and secretion of aldosterone [81-84] (Figure 1). More specifically, aldosterone is
a mineralocorticoid hormone produced and secreted from adrenocortical zona glomerulosa
(AZG) cells in response to hyperkalemia or Angll activating its AT receptors [85,86].
Aldosterone is elevated in chronic human HF, especially post-Ml, and exerts a variety of
indirect (hypertension, hypervolemia, etc.) and direct deleterious effects on the failing heart
[87,88].

Angll-activated AT1R is typically a Gq/11 protein-coupled receptor, which means it
activates phospholipase C-f [81]. The Gg-dependent signaling pathway elicited by the
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AT1R in AZG cells and leading to aldosterone production is well documented [85,86].
Diacylglycerol (DAG) and inositol 17, 47, 5°-trisphosphate (IP3), produced by phospholipase
C (PLC)-B directly activated by Gaq subunits, ultimately lead to aldosterone secretion,

via classic intracellular Ca?* release-triggered exocytosis, and to aldosterone biosynthesis,
via extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK)
activation, which, in turn, stimulates the gene transcription of StAR (steroidogenic acute
regulatory) protein [86]. The latter mediates the mitochondrial uptake of the adrenal

steroid precursor cholesterol, which is the rate-limiting step in aldosterone biosynthesis
inside AZG cells [86]. GRKs phosphorylate the active AT{R causing the binding of the
B-arrestins to the receptor, which effectively terminates this G/11-dependent signaling [12].
However, as we uncovered several years ago, p-arrestinl binding to the adrenal AT;R
elicits a second, G protein-independent wave of signaling towards aldosterone synthesis and
secretion in response to Angll in AZG cells [89-91] (Figure 1). This action of B-arrestinl
centers on sustained ERK activation and subsequent transcriptional StAR upregulation,
which has the same end-result as Gq protein signaling in AZG cells, i.e., mitochondrial
cholesterol uptake and initiation of aldosterone biosynthesis [89]. Importantly, adrenal
Barrestinl-dependent AT1R signaling promotes aldosterone synthesis and secretion both

in vitro and in vivo [90,91] and, in fact, it is essential for the post-MI elevation of the
endogenous production of this mineralocorticoid, since transgenic mice genetically lacking
Barrestinl have normal circulating aldosterone levels during post-MI HF progression [91].
Furthermore, CAs stimulate BARS to boost AT1R-dependent aldosterone production via
GRK2-mediated receptor crosstalk in AZG cells [92].

Since adrenal AT1R induces aldosterone production via both G proteins and p-arrestinl,

the question arose of how effective traditional angiotensin receptor blockers (ARBS), i.e.,
AT 1R antagonists/inverse agonists (sartans), are at silencing Angll-dependent aldosterone
production/secretion via both pathways in AZG cells [93]. Indeed, the prototypic drug

in the class, losartan, was found to be a much more potent inverse agonist toward G

proteins than toward pB-arrestins at the AT;R, which made it incapable of suppressing

the p-arrestin-dependent component of Angll-elicited aldosterone production and thus,
inefficient aldosterone suppressor [94-96]. Irbesartan proved to act in a similar manner

as losartan, i.e., a weak p-arrestin-dependent aldosterone suppressor [94]. In contrast,
candesartan and valsartan demonstrated strong inverse agonist activity towards both G
proteins and p-arrestins at the AT;R and excellent potency at suppressing aldosterone in
vitro and in vivo [94-96]. Importantly, the effects of these drugs on adrenal Angll-dependent
signaling to aldosterone secretion directly translated into effects on the function of the
failing post-MI heart, since candesartan and valsartan markedly improved ejection fraction
and cardiac function, accompanied by lower circulating aldosterone levels, in post-MI rats
[95]. Conversely, losartan and irbesartan failed to halt the cardiac functional decline of these
animals, as they were progressing to HF post-Ml, as well as to lower circulating aldosterone
levels [90,95]. Taken together, these studies strongly suggest that the adrenal AT¢R can
tightly regulate cardiac function and structure/remodeling from afar, i.e., from the adrenal
gland, just by fine-tuning the circulating aldosterone levels in the body that reach the failing
myocardium to exert their deleterious effects.
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Finally, from the drug design/medicinal chemistry standpoint, it appears that the presence of
a substitution both bulky and anionic at the opposite end of the biphenyl-methyl backbone
of the compound to the tetrazole ring is required for efficient inverse agonism of B-arrestin
activation at the AT1R [97-107]. Conversely, for potent B-arrestin agonism/activation, the
aromatic side-chain of Angll peptides Phe8 or Tyr4 are only required for G protein (not for
[-arrestin) activation, but the aliphatic size of Angll position 5 (isoleucine in the natural
agonist Angll) affects the extent of B-arrestin activation [97-107].

Conclusions/ Future Perspectives

In the present review, we provide an overview of the studies that have paved the way

for the elucidation of the physiological and pathological roles the adrenal production of
CAs and aldosterone play in regulation of cardiac function and in its dysregulation in
chronic HF. Admittedly, this field is still in its infancy and a lot of questions remain
unanswered. For instance, what is the role of adrenal CA secretion, if any, in the imbalance
between the high SNS and low parasympathetic activities, which is the actual culprit of

the neurohormonal dysregulation in human chronic HF? Does perhaps regulation of adrenal
CA secretion hold the key for unlocking the true therapeutic potential of the once failed
sympatholytic drugs, like moxonidine, for chronic human HF treatment? Does the adrenal
B-arrestin-mediated hyperlaldosteronism play a role in the other major type of human
chronic HF, HF with preserved ejection fraction (HFpEF), known to be accompanied and
complicated by elevated circulating aldosterone levels? On the other hand, could adrenal
B-arrestin-mediated hyperlaldosteronism be a pitfall for the therapeutic utility in HF of
AT1R ligands that are purportedly p-arrestin-“biased” agonists? Hailed as major innovative
breakthroughs for HF treatment more than a decade ago, these drugs, unfortunately, failed in
major clinical trials for human HF about 5 years ago. All these questions are very important
and await delineation in future studies.

Nevertheless, despite several outstanding questions, it appears that targeting of adrenal
aAR or AT;R signaling has some potential for lowering the hormonal burden of the

failing heart (catecholaminergic and aldosteronic, respectively), thereby ameliorating cardiac
function or at least halting its decline during HF development in humans. Additionally,
therapeutic targeting of adrenal GPCR signaling in general, via GRK2 and/or B-arrestinl
blockade in the adrenal glands, could also be of value in heart disease therapy in that it may
help restore normal SNS and RAAS functions/activities throughout the systemic circulation.
Given the fact that the currently available anti-adrenergic (B-blockers) and anti-RAAS (ACE
inhibitors, ARBSs) drugs exert most of their actions directly on the failing myocardium

itself, which may increase risk for adverse effects, adrenal GPCR therapeutic targeting has
the major potential advantage of ameliorating cardiac function in HF without the drug or
treatment acting on the heart itself, i.e., acting from a distance. Thus, future investigations
will help add new “tricks up the sleeves” of sympatholytic and/or anti-RAAS treatments in
a hope to yield novel, safer, and thus, better medications for human chronic HF. As most
cardiologists and cardiovascular pharmacologists know all too well, this devastating disease
has not seen many new therapies succeeding in a very long time, so it desperately needs
them.
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Figure 1. Thelong-distance relationship of the heart with the adrenal GPCRsaAR and AT 1R
through hormonal (catecholamine and aldosterone) regulation of its function.

See main text for details and for all molecular acronym descriptions.
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