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Abstract

Heart failure (HF) is a heterogeneous clinical syndrome in which abnormalities of myocardial
relaxation, contractile performance, and neurohormonal activation contribute variably across disease
phenotypes and stages. While advanced heart failure with reduced ejection fraction (HFrEF) is
dominated by impaired systolic function and low cardiac output, heart failure with preserved
ejection fraction (HFpEF) and earlier disease stages are primarily characterized by diastolic
dysfunction, increased myocardial stiffness, and elevated filling pressures. These distinctions have
important therapeutic implications, particularly with respect to lusitropic versus inotropic strategies.
[s-adrenergic receptors ([33-ARs) exhibit signaling properties distinct from classical $:- and -
receptors and are increasingly recognized as modulators of cardiovascular function under
pathological conditions. s-AR activation preferentially engages nitric oxide—cyclic guanosine
monophosphate pathways, promoting vasodilation, reducing oxidative stress, and enhancing
myocardial relaxation, albeit with mild context-dependent negative inotropy. Experimental and early
clinical data suggest that 3s-AR agonism may be beneficial in clinical settings dominated by impaired
relaxation and elevated filling pressures, including HFpEF and pulmonary hypertension.
Conversely, sustained Bs-AR signaling in advanced systolic HF may contribute to contractile
depression, mitochondrial dysfunction, and energetic inefficiency. Preclinical and translational
studies indicate that selective [3-AR antagonism can improve systolic performance and myocardial
energetics without increasing heart rate or adrenergic drive, positioning {35 blockade as a potential
“smart inotropic” strategy. This review proposes a physiology-guided, stage-dependent framework
for Bs-adrenergic modulation in HF, in which agonism and antagonism represent complementary
therapeutic approaches tailored to dominant pathophysiology rather than opposing strategies.
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[3;-ADRENGRGIC SIGNALING IN HEART FAILURE:
A Stage-Dependent Double-Edged Sword
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Background

Heart failure (HF) is a heterogeneous clinical syndrome in which the relative contributions of
impaired myocardial relaxation, reduced contractile performance, and maladaptive neurohormonal
activation vary across disease phenotypes and stages. While reduced systolic function and low
cardiac output dominate advanced heart failure with reduced ejection fraction (HFrEF),
abnormalities of ventricular relaxation, compliance, and filling pressures are the principal
determinants of symptoms in heart failure with preserved ejection fraction (HFpEF) and in earlier or
compensated stages of disease. These pathophysiological distinctions have important therapeutic
implications, particularly with respect to the differential roles of lusitropic and inotropic
interventions!.

Lusitropy refers to the ability of the myocardium to relax efficiently during diastole, a process
that is critically dependent on coordinated calcium reuptake into the sarcoplasmic reticulum, reduced
myofilament calcium sensitivity, and favorable ventricular—arterial coupling. In HFpEF and related
phenotypes, impaired lusitropy leads to elevated diastolic filling pressures despite preserved systolic
ejection fraction, resulting in pulmonary or systemic congestion, exercise intolerance, and reduced
cardiac reserve. In these settings, therapies that enhance myocardial relaxation can improve
ventricular filling at lower pressures and augment stroke volume without increasing contractile force
or myocardial oxygen consumption. Importantly, many lusitropic mechanisms operate through nitric
oxide (NO)-cyclic guanosine monophosphate (cGMP)—protein kinase G (PKG) signaling, which not
only facilitates diastolic relaxation but also reduces myocardial stiffness, oxidative stress, and
pathological remodeling?.

However, lusitropic signaling pathways are often associated with a mild and context-dependent
negative inotropic effect. By reducing calcium sensitivity of the contractile apparatus and limiting
excessive intracellular calcium accumulation, these pathways can modestly attenuate peak systolic
force generation. In early or compensated heart failure states, this effect is generally protective, as it
counterbalances chronic sympathetic overstimulation, reduces energetic demand, and mitigates
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catecholamine-induced myocardial injury. In contrast, in advanced HFrEF characterized by severely
impaired contractile reserve and low cardiac output, even modest negative inotropy may further
compromise forward flow and exacerbate end-organ hypoperfusion?.

Inotropic therapies, by contrast, directly enhance myocardial contractility through increased
calcium availability, calcium sensitivity, or actin-myosin cross-bridge cycling. These interventions
are most effective in advanced systolic heart failure, acute decompensated states, or cardiogenic
shock, where the dominant physiological deficit is insufficient force generation rather than impaired
relaxation. While inotropes can provide rapid hemodynamic improvement, their benefits are offset
by increased myocardial oxygen consumption, arrhythmogenic potential, and adverse long-term
outcomes, underscoring the need for careful patient selection and limited duration of use*.

The distinction between lusitropic and inotropic strategies therefore reflects a broader principle
in heart failure management: therapies must be matched to the dominant physiological abnormality
and disease stage. Interventions that enhance relaxation and reduce filling pressures are most
effective when diastolic dysfunction predominates, whereas augmentation of contractility becomes
necessary only when systolic failure and low output emerge as the primary drivers of clinical
deterioration. This stage-dependent framework is particularly relevant to emerging therapies
targeting the (s-adrenergic receptor, whose signaling pathways intersect both lusitropic and
inotropic domains. Understanding the nuanced balance between these effects is essential for defining
the therapeutic potential and limitations of (3-adrenergic modulation in heart failure and related
cardiopulmonary disorders.

Bs-Adrenergic Receptor Agonism: Nitric Oxide-Mediated Cardiovascular
Protection

[Bs-Adrenergic receptors ([3s-ARs) are increasingly recognized as important modulators of
cardiovascular physiology, particularly under conditions of stress and disease. Unlike ;- and [3--
adrenergic receptors, which predominantly couple to stimulatory Gs proteins and mediate positive
inotropic effects, 3-ARs demonstrate distinct signaling behavior that becomes more prominent in
heart failure (HF) and pulmonary hypertension (PH). These receptors are expressed in cardiac
myocytes, vascular smooth muscle cells, and endothelial cells, allowing them to influence myocardial
contractility, vascular tone, and redox balance 5.

In cardiovascular tissues, $s-AR activation preferentially couples to inhibitory Gi proteins,
leading to activation of the PI3K/Akt signaling cascade and phosphorylation of endothelial nitric
oxide synthase (eNOS). This results in increased nitric oxide (NO) production, stimulation of soluble
guanylyl cyclase, elevation of cyclic GMP levels, and activation of protein kinase G. The downstream
effects include vasodilation, attenuation of oxidative stress, and mild negative inotropy. These actions
contrast with the catecholamine-driven positive inotropy mediated by ;- and (3,-ARs and suggest a
counter-regulatory role for (3;-ARs during sympathetic overactivation®.

In heart failure, chronic adrenergic stimulation leads to down-regulation and desensitization of
[1- and (.-receptors, whereas [33-AR expression is paradoxically upregulated. This upregulation has
been interpreted as an adaptive mechanism designed to limit catecholamine-induced myocardial
toxicity. Experimental studies in pressure-overload and ischemic cardiomyopathy models have
shown that (3;-AR agonism reduces cardiomyocyte apoptosis, limits myocardial fibrosis, decreases
oxidative stress, and improves ventricular remodeling through NO-dependent pathways. These
findings support a cardioprotective role for (3;-AR activation, particularly in early or compensated
stages of heart failure’.

A similar rationale underlies the exploration of $3-AR agonism in pulmonary hypertension.
Endothelial dysfunction and increased pulmonary vascular resistance are central features of PH,
leading to progressive right ventricular (RV) failure. Preclinical models using (3;-AR agonists such as
mirabegron demonstrated reductions in mean pulmonary artery pressure, improvements in
pulmonary vascular remodeling, and enhanced RV function. In a randomized clinical trial involving
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patients with combined pre- and post-capillary pulmonary hypertension associated with heart
failure, mirabegron did not significantly reduce pulmonary vascular resistance but was associated
with a significant improvement in RV ejection fraction. These findings suggest that 3-AR agonism
may exert favorable effects on right ventricular performance even when pulmonary hemodynamic
endpoints are not substantially modifieds.

Ps-Adrenergic Receptor Blockade: Reversal of Contractile Depression and
Energetic Failure

While 35-AR activation may be adaptive in early disease states, accumulating evidence suggests
that sustained or excessive (33-AR signaling becomes maladaptive in advanced heart failure.
Persistent activation of NO pathways— particularly through inducible nitric oxide synthase (iNOS) —
can lead to excessive nitric oxide production, impaired excitation—contraction coupling,
mitochondrial dysfunction, and depression of myocardial contractility. In this context, 3s-ARs may
contribute directly to systolic dysfunction and reduced cardiac reserve °.

Preclinical studies using the selective (33-AR antagonist SR59230A have provided strong
support for this concept. In rodent models of chronic heart failure, $;-AR blockade resulted in
improved left ventricular systolic performance, reduced ventricular dilation, and attenuation of
maladaptive hypertrophy. Mechanistically, these benefits were linked to normalization of
mitochondrial function, reduced expression of uncoupling protein-2 (UCP-2), preservation of
myocardial ATP levels, and suppression of oxidative and nitrosative stress. Importantly, s-AR
blockade restored {3-adrenergic responsiveness without increasing heart rate or myocardial oxygen
demand, distinguishing it from traditional inotropic therapies *°.

The detrimental role of excessive 33-AR signaling is further highlighted in inflammatory and
stress-related cardiac dysfunction. In endotoxin-induced acute heart failure models, (3;-AR blockade
significantly reduced mortality and preserved systolic function. These effects were attributed to
suppression of iNOS expression, reduction of pathological NO overproduction, and stabilization of
myocardial energy metabolism. Such findings emphasize the contribution of (;-AR-mediated
signaling to inflammatory cardiac depression and identify receptor blockade as a potential protective
strategy in severe systemic illness''.

Translational efforts have led to the development of highly selective (3;-AR antagonists such as
APD418, designed as “cardiac myotropes.” In animal models and early human studies, short-term
intravenous infusion of APD418 improved left ventricular systolic function and ejection fraction
without inducing tachycardia or hypotension. Although a phase-2 clinical trial was terminated for
non-scientific reasons and definitive clinical outcomes remain unavailable, these results provide
proof-of-concept that (3;-AR blockade can enhance myocardial performance while avoiding the
hemodynamic penalties of conventional inotropes'2.

Physiologic Stage dependent ;-modulation in heart failure

Collectively, these observations support a stage-dependent and physiology-guided model of 3s-
adrenergic modulation in heart failure. (3;-AR agonism aligns with clinical scenarios in which
impaired relaxation and elevated filling pressures predominate, providing lusitropic benefit with
mild, protective negative inotropy. Conversely, fs:-AR antagonism appears most advantageous in
advanced systolic heart failure, where suppression of inhibitory (3; signaling can unmask contractile
reserve and improve cardiac output without the deleterious effects associated with traditional
inotropes. Understanding this duality is essential for the rational integration of 3s-targeted therapies
into future heart failure treatment paradigms.

Conclusion

Heart failure represents a spectrum of pathophysiological states in which impaired myocardial
relaxation and reduced contractile reserve contribute variably according to disease phenotype and
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stage. Therapeutic strategies must therefore be aligned with the dominant physiological abnormality
rather than applied uniformly. Lusitropic interventions are most effective when diastolic
dysfunction, ventricular stiffness, and elevated filling pressures predominate, whereas inotropic
support is required in advanced systolic heart failure characterized by low cardiac output. {3;-
adrenergic receptors occupy a unique position at the intersection of these domains. 3-AR agonism
activates nitric oxide-dependent signaling pathways that enhance myocardial relaxation, reduce
oxidative stress, and limit maladaptive remodeling, providing benefit in early heart failure, HFpEF,
and pulmonary hypertension, where mild negative inotropy is largely protective. In contrast,
sustained 3s-AR activation in advanced HFrEF may contribute to contractile depression and energetic
inefficiency. In this setting, selective (3;-AR antagonism emerges as a novel inotropic strategy,
restoring myocardial performance by removing inhibitory signaling rather than increasing
adrenergic drive. Together, these observations support a stage-dependent, physiology-guided model
of Bs-adrenergic modulation. (33 agonists and antagonists should be viewed as complementary tools,
deployed according to disease stage and dominant pathophysiology, with future clinical studies
needed to refine patient selection and therapeutic timing.

Abbreviations

Abbreviation Full term

HF Heart Failure

HFrEF Heart Failure with Reduced Ejection Fraction
HFpEF Heart Failure with Preserved Ejection Fraction
(s-AR Beta-3 Adrenergic Receptor

1-AR Beta-1 Adrenergic Receptor

2-AR Beta-2 Adrenergic Receptor

NO Nitric Oxide

cGMP Cyclic Guanosine Monophosphate

PKG Protein Kinase G

PI3K Phosphoinositide 3-Kinase

Akt Protein Kinase B

eNOS Endothelial Nitric Oxide Synthase

iNOS Inducible Nitric Oxide Synthase

PH Pulmonary Hypertension

RV Right Ventricle / Right Ventricular

ATP Adenosine Triphosphate

ucCp-2 Uncoupling Protein 2

LV Left Ventricle / Left Ventricular
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