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ABSTRACT: Heart failure (HF) is chatacterized by sustained autonomic imbalance
marked by chronic sympathetic nervous system (SNS) activation and upregulation of the
renin angiotensin aldosterone system (RAAS). While initially compensatory, persistent
neurohormonal activation promotes adverse cardiac remodeling, arrhythmogenesis,
renal sodium retention, and progressive ventricular dysfunction. Increasing evidence
indicates that the SNS and RAAS function not as isolated pathways but as an integrated
neurohormonal axis with bidirectional amplification mechanisms that accelerate HF

progression.

This review synthesizes current understanding of sympathetic-RAAS crosstalk at
molecular, cellular, and systemic levels. Mechanistic insights into B-adrenergic receptor
desensitization, G protein-coupled receptor kinase 2 (GRK2) signaling, angiotensin 1I
mediated sympathetic facilitation, aldosterone driven autonomic modulation, and renal
sympathetic activation in congestion physiology are discussed. Established therapies
including  blockers, angiotensin receptor neprilysin inhibitors, mineralocorticoid
receptor antagonists, and sodium-glucose cotransporter 2 inhibitors are examined
through the lens of autonomic modulation rather than solely haemodynamic effects.

Additionally, device based strategies such as renal denervation, baroreceptor activation
therapy, and vagal nerve stimulation are evaluated, highlighting translational data and
clinical trial outcomes

Finally, we explore emerging precision targets, including GRK2 inhibition, central RAAS
modulation, and neuroimmune interactions, proposing a framework for individualized
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autonomic targeted therapy.

Understanding the integrated neurohormonal network may refine therapeutic strategies
and improve outcomes across the HF spectrum.

Key Points:

1. Heart failure progression is driven by bidirectional crosstalk between the sympathetic nervous system (SNS) and the renin-
angiotensin-aldosterone system (RAAS), forming a self-amplifying neurohormonal axis.

2. Chronic SNS and RAAS activation promotes adverse cardiac remodeling, oxidative stress, inflammation, fibrosis, and

progressive ventricular dysfunction.

3. Current guideline-directed therapies including B-blockers, ARNIs, MRAs, and SGLT?2 inhibitors, improve outcomes by

interrupting maladaptive neurohormonal signaling.

4. Emerging therapies targeting GRK2, central RAAS signaling, renal denervation, and autonomic modulation offer

promising precision-based approaches for heart failure management.

5. Future heart failure treatment should focus on individualized neurohormonal modulation using biomarkers and molecular

profiling to optimize therapeutic response and improve clinical outcomes.
INTRODUCTION:

Heart failure (HF) remains a leading cause of morbidity and mortality worldwide, affecting more than 64 million individuals
and imposing a substantial socioeconomic burden across healthcare systems (-2. Despite advances in guideline-directed
medical therapy, long-term prognosis remains guarded, with high rates of hospitalization, progressive ventricular dysfunction,
and premature death @. While hemodynamic impairment was historically considered central to HF pathophysiology,

contemporary evidence underscores the pivotal role of neurohormonal dysregulation in driving disease progression ©.

A hallmark of HF is sustained autonomic imbalance characterized by heightened sympathetic nervous system (SNS) activity
and withdrawal of parasympathetic tone ©. Initially compensatory, sympathetic activation maintains cardiac output through
increased heart rate, contractility, and peripheral vasoconstriction. However, persistent adrenergic stimulation becomes
maladaptive, contributing to § adrenergic receptor desensitization, intracellular calcium dysregulation, arrhythmogenesis, and
adverse myocardial remodeling ©). Elevated circulating norepinephrine levels correlate with disease severity and independently
predict mortality, emphasizing the pathophysiological importance of sympathetic overdrive O.

Parallel to SNS activation, the renin-angiotensin-aldosterone system (RAAS) is persistently upregulated in HF ®. Reduced
renal perfusion and sympathetic stimulation of juxtaglomerular cells promote renin release, leading to increased angiotensin 11
and aldosterone production ©). Angiotensin II exerts potent vasoconstrictive, pro-hypertrophic, pro-fibrotic, and pro-
inflammatory effects, while aldosterone contributes to sodium retention, myocardial fibrosis, endothelial dysfunction, and
vascular remodeling (9. Beyond systemic activation, tissue-level RAAS signaling within the myocardium, kidneys, and central
nervous system further amplifies local pathological processes (1.

Importantly, emerging evidence indicates that the SNS and RAAS do not operate as independent compensatory systems but
rather function as an integrated and mutually reinforcing neurohormonal network (2. Angiotensin II enhances central
sympathetic outflow and facilitates norepinephrine release at presynaptic terminals, while sympathetic stimulation augments
renin secretion via Bl-adrenergic receptor activation, establishing a maladaptive positive feedback loop. This bidirectional
amplification contributes to sustained hemodynamic stress, oxidative injury, neuroinflaimmation, and progressive ventricular
remodeling (3.

Recognition of this interconnected axis has fundamentally shaped contemporary HF therapeutics. 3-blockers, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, angiotensin receptor-neprilysin inhibitors, mineralocorticoid
receptor antagonists, and sodium-glucose cotransporter 2 inhibitors confer clinical benefit in part through attenuation of

maladaptive neurohormonal signaling rather than solely through hemodynamic modulation (4. In parallel, device-based
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strategies targeting autonomic regulation such as renal denervation, baroreceptor activation therapy, and vagal nerve

stimulation have emerged as potential adjunctive approaches (5.

Despite substantial progress, residual risk persists, and therapeutic responses vary considerably among individuals. This
heterogeneity underscores the need for deeper mechanistic understanding of sympathetic-RAAS crosstalk and the
development of precision autonomic targeted strategies. Elucidating the molecular, cellular, and central regulatory
mechanisms sustaining chronic neurohormonal activation may refine risk stratification and enable individualized therapeutic

interventions (19,

In this review, we synthesize current evidence on the integrated sympathetic-RAAS axis in HF, examine established and
emerging therapeutic strategies through the lens of autonomic modulation, and explore future directions for precision

neurohormonal targeting.
2. LITERATURE SEARCH STRATEGY

This narrative review was based on a structured literature search of PubMed/MEDLINE and Google Scholar covering
publications from 1995 to 2026. Search terms combined controlled vocabulary and free text and included “heart failure,”

2« 2 <

“sympathetic nervous system,” “renin-angiotensin-aldosterone system,” “neurohormonal,” "B-adrenergic receptor,” “GRK2,”

<

“renal denervation,” “baroreflex activation therapy,” “vagus nerve stimulation,” and “precision medicine,” combined using
Boolean operators. Eligible sources were peer-reviewed clinical trials, observational and physiological studies, preclinical
studies, systematic and narrative reviews, and clinical practice guidelines published in English. Case reports and conference
abstracts without full text were excluded. The literature search was conducted by one author with assistance from a second
author, and the selected sources were reviewed by all authors. Because this is a narrative review, no formal risk-of-bias
assessment or quantitative synthesis was performed. Instead, the evidence for each mechanism and intervention was graded

by source and clinical maturity (Section 5.7).
3. SYMPATHETIC NERVOUS SYSTEM ACTIVATION IN HEART FAILURE:

Sustained activation of the SNS is a defining feature of HF and represents a central driver of disease progression. Although
acute sympathetic stimulation initially preserves cardiac output by increasing heart rate, myocardial contractility, and
peripheral vasoconstriction, persistent activation becomes maladaptive, contributing to ventricular remodeling,

arrhythmogenesis, and cardiomyocyte injury (7.

Elevated plasma norepinephrine concentrations correlate strongly with HF severity and adverse clinical outcomes,
establishing sympathetic overactivity as a key determinant of prognosis (¥, Direct microneurographic study demonstrate
increased muscle sympathetic nerve activity in patients with HF, reflecting intrinsic autonomic dysregulation rather than
merely a secondary response to impaired cardiac output. These findings support the concept that SNS activation is a

pathophysiological mechanism rather than a simple compensatory response (9.
3.1 Central Neural Drivers of Sympathetic Excitation:

Sympathetic hyperactivity in HF originates within central autonomic regulatory centers, including the hypothalamic
paraventricular nucleus (PVN), rostral ventrolateral medulla (RVLM), and nucleus tractus solitarius (NTS). Enhanced
excitatory signaling within these nuclei increases efferent sympathetic output to the heart, kidneys, and vasculature 0.

The central renin-angiotensin system plays a crucial modulatory role. Angiotensin II acting within the brain stimulates
NADPH oxidase dependent reactive oxygen species production, augmenting neuronal firing and impairing inhibitory nitric
oxide signaling . This redox imbalance sustains sympathetic excitation and establishes a feed-forward loop of neurohormonal

activation @D,

Peripheral reflex mechanisms further amplify sympathetic drive. Carotid body chemoreceptor hypersensitivity has been
demonstrated in HF, contributing to enhanced sympathetic discharge and instability of respiratory control ?2. Importantly,
exercise training can partially normalize these central reflex abnormalities, highlighting the plasticity of autonomic circuits 3.

3.2 B-Adrenergic Receptor Dysregulation and Molecular Remodeling:
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At the myocardial level, chronic catecholamine exposure induces B-adrenergic receptor (B-AR) desensitization and
downregulation. Early human studies revealed reduced Bi-adrenergic receptor density and impaired catecholamine
responsiveness in failing hearts. This receptor dysfunction contributes directly to impaired contractile reserve 9.

A central molecular mediator of B-AR desensitization is G-protein coupled receptor kinase 2 (GRK2). Increased myocardial
GRK2 expression has been observed in HF and correlates with disease severity. GRK2 phosphorylates activated 3-ARs,
promoting receptor internalization and functional uncoupling ?9.

In transgenic mice, cardiac overexpression of B-adrenergic receptor kinase 1 (BARK1/GRK2) impairs contractility, wheteas
GRK2 inhibition improves B-AR signaling and cardiac performance in experimental HF models, supporting a causal role for
GRK2 in preclinical settings ?27. These findings are preclinical: GRK2 inhibition has not been evaluated in clinical outcome

trials in patients with HF and remains an investigational target.
3.3 Sympathetic-Renal Interactions and Neurohormonal Amplification:

Renal sympathetic activation represents a critical effector pathway of central SNS overdrive. Increased efferent renal nerve
activity promotes renin release, sodium retention, and reduced renal perfusion. These changes directly stimulate activation of

the renin-angiotensin-aldosterone system (RAAS) 9.

Bidirectional amplification between the SNS and RAAS sustains neurohormonal activation. Angiotensin II enhances
sympathetic neurotransmission, while norepinephrine stimulates renin secretion, establishing a self-perpetuating cycle of
vasoconstriction and volume expansion ®. This reciprocal interaction forms the foundation of the sympathetic-RAAS axis

emphasized in this review.

Clinical investigations confirm that persistent sympathetic activation contributes to progressive renal dysfunction and
worsened outcomes in HF. These observations provide mechanistic justification for combined neurohormonal blockade in
contemporary HF therapy ¢0-3). This reciprocal interaction forms the foundation of the sympathetic-RAAS axis illustrated in
Figure 1.

3.4 Oxidative Stress, Neuroimmune Signaling, and Cellular Consequences:

Chronic sympathetic stimulation extends beyond hemodynamic effects to influence intracellular signaling pathways. Persistent
B-AR activation increases intracellular calcium loading, mitochondrial stress, and reactive oxygen species generation 2.

Oxidative stress disrupts excitation-contraction coupling and promotes cardiomyocyte apoptosis 3.

In parallel, sympathetic signaling interacts with innate immune pathways. Pro-inflammatory cytokines, including tumor
necrosis factor-o and interleukin-6, are elevated in HF and may be partially driven by adrenergic mechanisms. This

neuroimmune interaction accelerates myocardial remodeling and fibrosis 4.

Mitochondrial dysfunction further impairs ATP production, reducing myocardial energetic efficiency and exacerbating
contractile dysfunction. Thus, SNS activation represents a multi-level pathological process spanning neural regulation,

receptor biology, redox signaling, and cellular survival 39,
3.5 Therapeutic Implications:

Recognition of sustained sympathetic activation as a disease-amplifying mechanism transformed HF management. 3-blockers
attenuate catecholamine toxicity, restore receptor sensitivity, and improve survival outcomes 9. Emerging strategies targeting
central sympathetic outflow, GRK2 modulation, and renal sympathetic signaling represent potential precision therapeutic

avenues 7,

Rather than serving solely as a compensatory mechanism, SNS activation functions as a core pathological driver in HF.
Effective therapeutic strategies therefore aim not merely to suppress symptoms but to interrupt maladaptive neurohormonal
crosstalk within the sympathetic-RAAS axis 48,

4. RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM ACTIVATION IN HEART FAILURE:

Activation of the RAAS represents a central neurohormonal mechanism in HF, functioning in close coordination with

sympathetic overactivity. While initially compensatory preserving arterial pressure and organ perfusion-persistent RAAS
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activation drives vasoconstriction, sodium retention, inflaimmation, fibrosis, and adverse ventricular remodeling.
Contemporary understanding recognizes RAAS not merely as a circulating hormonal cascade but as a complex, tissue-level

signaling network with central nervous system involvement 9.
4.1 Systemic RAAS Activation: Initiation and Amplification:

Reduced renal perfusion pressure, heightened sympathetic renal nerve activity, and decreased sodium delivery to the macula
densa stimulate renin release from juxtaglomerular cells “9. Renin cleaves angiotensinogen to angiotensin I, which is
subsequently converted to angiotensin II by angiotensin-converting enzyme (ACE) ¢,

Angiotensin I exerts potent vasoconstrictive effects via angiotensin type 1 (AT1) receptors, increasing systemic vascular
resistance and afterload. In parallel, it stimulates aldosterone secretion from the adrenal cortex, promoting sodium and water
retention and contributing to volume expansion #2. Although these mechanisms initially support perfusion, sustained

activation increases myocardial wall stress and accelerates structural remodeling *3.

Seminal clinical trials established the pathological relevance of RAAS activation. ACE inhibition significantly reduced
mortality and hospitalization in HF, demonstrating that RAAS blockade modifies disease progression rather than simply
alleviating symptoms. These findings positioned RAAS suppression as a foundational therapeutic principle “4.

4.2 Local (Tissue) RAAS and Cardiac Remodeling:

Beyond systemic effects, local RAAS activation within the myocardium plays a critical role in structural and molecular
remodeling. Cardiac fibroblasts and myocytes express components of the RAAS, allowing angiotensin II generation within

cardiac tissue independent of circulating levels ).

Angiotensin II promotes hypertrophy, fibroblast proliferation, collagen deposition, and extracellular matrix remodeling
through activation of mitogen-activated protein kinase (MAPK) pathways and transforming growth factor-$ signaling. These

effects contribute to ventricular stiffening, diastolic dysfunction, and progressive systolic impairment “9).

Additionally, angiotensin 1I enhances oxidative stress via NADPH oxidase activation, increasing reactive oxygen species
(ROS) production *7. Oxidative stress not only damages cellular structures but also amplifies sympathetic signaling and

inflaimmatory pathways, linking RAAS activation directly to neurohormonal crosstalk “9.
4.3 Aldosterone and Mineralocorticoid Receptor Signaling:

Aldosterone exerts effects beyond sodium retention. Activation of mineralocorticoid receptors (MRs) in cardiomyocytes,

fibroblasts, and vascular cells promotes inflammation, oxidative stress, endothelial dysfunction, and myocardial fibrosis 9.

Clinical evidence from mineralocorticoid receptor antagonist trials demonstrated substantial reductions in morbidity and
mortality, confirming aldosterone’s pathological significance in HF progression 9. These benefits occur even when patients
are already receiving ACE inhibitors, indicating incomplete RAAS suppression and highlighting the concept of “aldosterone

escape” 6.

Emerging data suggest that mineralocorticoid receptor activation within the central nervous system may also enhance
sympathetic drive, further integrating RAAS and SNS signaling. This reinforces the concept of neurohormonal amplification
rather than isolated hormonal pathways ¢2.

4.4 Alternative RAAS Pathways: ACE2 and Angiotensin-(1-7):

The classical ACE-angiotensin II-AT1 receptor axis is counterbalanced by the ACE2-angiotensin-(1-7)-Mas receptor pathway,
which exerts vasodilatory, anti-fibrotic, and anti-inflammatory effects. ACE2 converts angiotensin II into angiotensin-(1-7),
shifting signaling toward protective pathways 3.

In HF, this protective axis is often downregulated, resulting in dominance of the deleterious angiotensin II-AT1 pathway.
Augmenting ACE2 activity or angiotensin-(1-7) signaling has therefore emerged as a potential therapeutic strategy®4.

The development of angiotensin receptor-neprilysin inhibitors (ARNIs) represents a translational advance targeting multiple
neurohormonal pathways simultaneously. By combining AT1 receptor blockade with neprilysin inhibition, these agents
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enhance natriuretic peptide activity while suppressing RAAS signaling, leading to superior outcomes compared to ACE

inhibition alone 6%,
4.5 RAAS-Sympathetic Crosstalk:

RAAS activation and sympathetic excitation are tightly interwoven. Angiotensin II enhances central sympathetic outflow by
acting within autonomic regulatory nuclei, increasing neuronal excitability and ROS production ¢9. Peripherally, angiotensin
1I facilitates norepinephrine release from sympathetic nerve terminals and reduces its reuptake ¢7).

Conversely, sympathetic stimulation increases renin secretion via q-adrenergic receptor activation in juxtaglomerular cells.
This bidirectional amplification establishes the sympathetic-RAAS axis as a self-reinforcing neurohormonal circuit central to

HF pathophysiology ©.

Disruption of this axis through combined B-blockade and RAAS inhibition forms the mechanistic basis of modern HF
therapy. Precision therapeutics increasingly aim to modulate this crosstalk at multiple nodes, including receptor signaling,

intracellular kinase pathways, and redox balance ©8). These bidirectional interactions are summarized schematically in Figure 1.
4.6 Therapeutic Implications and Precision Approaches:

Targeting RAAS remains foundational in HF management. ACE inhibitors, angiotensin receptor blockers (ARBs),
mineralocorticoid receptor antagonists, and ARNIs reduce mortality and hospitalization. However, interindividual variability

in response suggests undetlying heterogeneity in neurohormonal activation 9.

Biomarker-guided therapy, genetic profiling of RAAS components, and molecular targeting of downstream effectors such as
oxidative stress pathways represent emerging precision strategies ©). Understanding RAAS activation within the broader

framework of neurohormonal crosstalk is therefore critical to advancing individualized HF treatment.
5. INTEGRATED SYMPATHETIC-RAAS CROSSTALK MODEL IN HEART FAILURE:

HF is characterized by coordinated activation of the SNS and the RAAS, which function as an integrated neurohormonal
network rather than isolated pathways. Eatly conceptual models of HF emphasized hemodynamic impairment; however,
subsequent work established that persistent neurohormonal activation drives disease progression independently of initial
cardiac dysfunction ©V. Contemporary evidence supports the view that the sympathetic-RAAS axis forms a self-reinforcing
circuit central to HF pathophysiology ®. Figure 1 provides an integrated overview of the reciprocal interactions between
central sympathetic activation, cardiac and renal neurohormonal responses, RAAS activation, bidirectional amplification loops,

and the principal therapeutic targets that interrupt this maladaptive signaling network.
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Figure 1. Integrated Sympathetic—cRAAS Axis in Heart Failure.
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Chronic activation of the sympathetic nervous system (SINS) enbances cardiac f-adrenergic signaling and renal sympathetic nerve activity, leading to
adperse cardiac remodeling, sodium and water retention, and activation of the renin-angiotensin-aldosterone system (RAAS). Angiotensin II and
aldosterone further augment central and peripheral sympathetic activity, establishing a self-perpetuating bidirectional nenrobormonal amplification
loop that accelerates heart failure progression. The fignre also highlights established and emerging therapentic strategies targeting different levels of the
axis, including -blockers, angiotensin receptor-neprilysin inbibitors (ARNIs), mineralocorticoid receptor antagonists (MRAS), sodium-glucose
cotransporter 2 (SGLT2) inhibitors, renal denervation, baroreflex: activation therapy, and emerging molecular targets such as GRK2 inbibition and
central RAAS modulation.

5.1 Central Nervous System Integration:

Within central autonomic nuclei such as the paraventricular nucleus (PVN) and rostral ventrolateral medulla (RVLM),
angiotensin II enhances neuronal excitability and sympathetic outflow through AT1 receptor activation and NADPH
oxidase-mediated reactive oxygen species (ROS) generation. This redox-sensitive signaling amplifies efferent sympathetic
discharge to the heart, kidneys, and vasculature 6263,

kishi and et.al., described novel mechanisms of central sympathetic regulation in HF, emphasizing that oxidative stress and
inflaimmatory mediators sustain neuronal hyperactivity even in the absence of ongoing hemodynamic triggers ©4.
Mineralocorticoid receptor activation within the brain further augments sympathetic tone, demonstrating that RAAS

components act directly within central autonomic circuits 3.

Parati and et al, highlighted the re-emergence of the SNS as a central therapeutic target in cardiovascular medicine,
underscoring the clinical importance of central-peripheral integration. Collectively, these findings position the brain as a

critical hub of neurohormonal crosstalk ©0),
5.2 Peripheral Neurohormonal Amplification:

At the peripheral level, bidirectional reinforcement between SNS and RAAS sustains maladaptive activation. 3;1-adrenergic
stimulation of juxtaglomerular cells increases renin secretion, initiating RAAS cascade activation ©7). Conversely, angiotensin
II facilitates norepinephrine release from sympathetic nerve terminals and impairs its reuptake, intensifying adrenergic

signaling (68),

Schlaich and colleagues demonstrated that heightened cardiac sympathetic activity correlates with structural remodeling,
reinforcing the link between neurohormonal activation and ventricular hypertrophy ©). Grassi et al. further confirmed that

sympathetic overactivity is not merely compensatory but contributes directly to adverse outcomes in HF (0.
Thus, the SNS and RAAS engage in a positive feedback loop:

SNS activation — 1 Renin — 1 Angiotensin II

Angiotensin IT — 7 Central & peripheral SNS activity

This cycle perpetuates vasoconstriction, sodium retention, and myocardial stress.

5.3 Molecular Convergence: Oxidative Stress, Inflammation, and Fibrosis

The convergence of SNS and RAAS extends to intracellular signaling pathways. Angiotensin II activates NADPH oxidase
and downstream inflaimmatory cascades (V. Forrester et al. provided a comprehensive update on angiotensin II signal
transduction, detailing its roles in oxidative stress, vascular dysfunction, and fibrosis 2.

Simultaneously, chronic B-adrenergic stimulation promotes mitochondrial dysfunction and ROS generation. These
overlapping redox pathways impair calcium handling and energy metabolism, accelerating cardiomyocyte apoptosis (72.

Angiotensin II also exerts immunomodulatory effects, linking RAAS activation to vascular and myocardial inflaimmation. This
neuroimmune interface aligns with the broader inflaimmatory hypothesis of HF progression ). Molecular convergence

therefore transforms neurohormonal activation into structural remodeling and fibrosis 3.

5.4 Evolution of the Neurohormonal Model:
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The transition from hemodynamic to neurohormonal paradigms marked a turning point in HF management. Early
recognition that neurohormonal activation independently worsens outcomes led to trials targeting both SNS and RAAS (12,

Guideline-directed therapy now reflects this integrated understanding. The 2021 European Society of Cardiology (ESC)
guidelines and 2022 AHA/ACC/HFSA guidelines emphasize combined neurohormonal blockade as foundational therapy in
HEF 4. These recommendations underscore that interrupting sympathetic-RAAS crosstalk is essential for disease
modification.

5.5 Therapeutic Disruption of the Sympathetic-RAAS Axis:

Modern HF therapy targets multiple nodes of the integrated axis:

1. B-blockers reduce catecholamine toxicity and renin release 7.

2. ACE inhibitors and ARBs suppress angiotensin II signaling 79,

3. Mineralocorticoid receptor antagonists counteract aldosterone-mediated fibrosis 7).
4. ARNIs enhance natriuretic peptide signaling while inhibiting RAAS 9.

Beyond traditional blockade, heart rate modulation with ivabradine demonstrated outcome benefits in patients with persistent
sympathetic activation 9. More recently, sodium-glucose cotransporter 2 (SGLT2) inhibitors have shown robust reductions

in HF hospitalization and mortality, possibly through indirect neurohormonal and metabolic modulation 9.

These advances illustrate that optimal therapy requires simultaneous attenuation of interconnected pathways rather than
isolated receptor targeting. The multiple pharmacological and device-based intervention points within the integrated
sympathetic-RAAS axis are highlighted in Figure 1.

5.6 Toward Precision Neurohormonal Modulation:

Although neurohormonal blockade is broadly effective, interindividual variability in response suggests heterogeneity in axis
activation. Emerging strategies aim to refine therapeutic targeting through biomarker profiling, autonomic function

assessment, and molecular pathway characterization 9.

Central RAAS modulation , GRK2 inhibition, and targeted reduction of oxidative stress represent potential precision
approaches. As understanding of neurohormonal crosstalk deepens, therapeutic strategies may evolve from uniform

suppression toward individualized modulation of dominant pathological drivers 1,
5.7 Evidence Maturity of the Mechanistic Framework

To distinguish established physiology from emerging hypotheses, evidence for each element of the axis is graded as follows.
Tier 1: human evidence from randomized trials showing clinical outcome benefit. Tier 2: human physiological or
observational evidence, or randomized trials limited to surrogate or functional endpoints. Tier 3: evidence derived mainly
from animal models or in vitro studies. Tier 4: mechanistic hypothesis not directly tested in HF. Table 1 applies this grading

to the mechanisms discussed in this review.

Table 1. Evidence maturity of mechanisms in the sympathetic—RAAS axis

Mechanism Principal evidence Tier References
I theti
ncr‘ez‘lsed sympathetic Human
activity and elevated microneuroeranhy and
U
norepinephrine, gr Py . 2 18,19
. . plasma norepinephrine
associated with
. cohorts
prognosis
B-AR downregulation .
H dial
and desensitization in ur.nan myoc.ar “ 2 24
. . tissue studies
failing myocardium
Increased myocardial Human myocardial 2 25
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GRK2 expression tissue

correlating with severity

Transgenic and

Causal role of GRK2 in . ]
) ) experimental animal 3 26, 27
cardiac dysfunction
models
Renal sympathetic
activation driving renin Human and animal 5 28. 40
release and sodium physiology ’
retention
Angiotensin II
fz.1c1htat1'on of Human Phys1olog1cal 53 56, 57, 68
norepinephrine release and animal studies
(bidirectional loop)
Central AT1/NADPH-
oxidase/ROS signaling Animal HF models 3 21,62, 63
in PVN and RVLM
Central
mineralocorticoid

Predominantly animal

receptor activation . 3 52, 65
. . studies
augmenting sympathetic
tone
Aldosterone/MR-driven Randomized trials in
fibrosis and benefit of HFEE 1 49-51
MRA
ACE2-angiotensin-(1- Preclinical, limited 3 53 54
7)-Mas protective axis human data ’

Adrenergic-driven .
o g, . Preclinical and human
oxidative, mitochondrial ) ) 3 32-35
. . biomarker studies
and inflammatory injury

Neuroimmune interface

sustaining Largely hypothetical in 4 34
neurohormonal HF
activation

6. PRECISION THERAPEUTICS AND FUTURE DIRECTIONS:

The recognition of HF as a disorder of integrated neurohormonal dysregulation has transformed therapeutic strategies over
the past three decades. Contemporary management relies on simultaneous attenuation of the SNS and RAAS, yet substantial
interindividual variability in disease progression and treatment response persists. These observations highlight the need to
move beyond uniform neurohormonal blockade toward precision modulation of dominant pathological pathways within the
sympathetic-RAAS axis 2,

6.1 Stratifying Neurohormonal Activation:

HF is biologically heterogeneous. Some patients exhibit pronounced sympathetic overactivity, while others demonstrate
dominant RAAS-driven remodeling or inflammatory phenotypes. Circulating biomarkers such as plasma norepinephrine,
renin activity, aldosterone levels, natriuretic peptides, and inflammatory cytokines may provide insight into individualized
neurohormonal profiles 3.
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Advanced autonomic assessment techniques including heart rate variability, baroreflex sensitivity, and microneutrography
offer mechanistic characterization of sympathetic tone. Integration of these physiological measures with molecular

biomatkers may enable stratification of patients based on axis predominance ®4.

Future precision frameworks may classify HF not solely by ejection fraction but by neurohormonal activation patterns,
thereby guiding tailored intervention intensity and pathway prioritization 3,

These approaches remain investigational. Plasma norepinephrine, renin and aldosterone vary with posture, medications and
renal function; microneurography is invasive and not widely available; and heart rate variability is influenced by B-blockers,
atrial fibrillation and age.

6.2 Targeting Central Neurohormonal Mechanisms:

Accumulating evidence indicates that central autonomic dysregulation sustains sympathetic excitation even when peripheral
hemodynamics are corrected ®9. Therapeutic strategies targeting central RAAS signaling and oxidative stress pathways have

shown promise in experimental models 7).

Neuromodulatory approaches including renal sympathetic denervation and baroreceptor activation therapy represent
attempts to directly modulate autonomic circuits. Although clinical results have been variable, ongoing refinement of patient

selection criteria and device technology may enhance efficacy ¢8.

Central mineralocorticoid receptor modulation and redox-sensitive signaling inhibition also represent potential strategies to

disrupt maladaptive feed-forward loops within autonomic nuclei ®9.
6.3 Molecular Precision: GRK2 and Intracellular Signaling:

At the intracellular level, dysregulated B-adrenergic receptor signaling mediated by G-protein-coupled receptor kinase 2
(GRK2) provides a compelling precision target. Elevated GRK2 expression contributes to receptor desensitization and
contractile dysfunction. Experimental inhibition of GRK2 restores B-adrenergic responsiveness and improves cardiac

performance, suggesting therapeutic potential beyond traditional $-blockade 9.

Similatly, targeting angiotensin II-induced oxidative stress and inflaimmatory signaling cascades may allow selective

modulation of downstream remodeling pathways while preserving necessary physiological responses ©.

Emerging pharmacologic strategies aimed at mitochondrial protection, redox balance, and fibrosis attenuation may

complement neurohormonal blockade by addressing intracellular convergence points ©2).

Their clinical benefit in HF is well established in randomized trials across ejection-fraction ranges; whether it is mediated
through attenuation of sympathetic-RAAS signaling remains unproven. Proposed contributions include effects on
neurohormonal activation, myocardial energetics and oxidative stress, but these are mechanistic hypotheses supported mainly

by experimental and small human studies ©4.
6.4 Expanding the Therapeutic Network:

The evolution of HF therapy increasingly reflects recognition of network-level interactions. Angiotensin receptor—neprilysin
inhibition exemplifies dual-pathway modulation, simultaneously suppressing RAAS and enhancing natriuretic peptide
signaling ©3).

Sodium-glucose cotransporter 2 (SGLT2) inhibitors further expand the paradigm. Beyond glycemic effects, these agents
appear to modulate neurohormonal activation, improve myocardial energetics, and reduce oxidative stress. Their consistent

benefit across HF phenotypes suggests indirect stabilization of maladaptive neurohormonal crosstalk ©4.

Heart rate modulation with ivabradine provides additional refinement by targeting persistent sympathetic-mediated
tachycardia. Collectively, these therapies illustrate a shift from isolated receptor antagonism toward multidimensional pathway
optimization ©9.

Table 2 compares established and investigational interventions by their target on the axis, key evidence and clinical maturity.
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Table 2. Interventions targeting the sympathetic-RAAS axis: evidence and maturity

Demonstrated
Intervention Axis target Evidence base cronstrate Maturity
effect
Sympathetic 8-AR | Randomized trials Lower mortality
B-blockers signaling; renin and reviews in and HF Tier 1 in HFtEF
release HFrEF hospitalization
Randomized trials Lower mortality
ACE inhibit Angiotensin 1T
inhibitors / ngm er'151n and reviews in and HF Tier 1 in HFtEF
ARBs signaling o
HFrEF hospitalization
AT1 blockade plus Randomizje\ci: Eials Superior ot;tco.zlles
o versus compared wi , .
ARNI ily Tier 1 in HFrEF
Jeprysn inhibition and ACE inhibition e mE
inhibition .
reviews alone
Aldosterone—MR Lower morbidity
MRASs signaling; central | Randomized tria‘ls . and r.nortality, Tier 1 in HFEF
effects and meta-analysis including on top
hypothesized of ACE inhibitors
Tier 1 f
Neurohormonal . . Lower HF er OF
. Randomized trials . outcomes; Tier 4
SGLT?2 inhibitors effect proposed ) hospitalization and .
and reviews . for axis
but unproven mortality )
mechanism
Sinus-node If Heart rat
. 11.1u.5. node Randomized trial ea.r @ e. ) .
Ivabradi inhibition; not a d J reduction with Tier 1 in selected
vabradine evidence an
direct . outcome benefit in HFrEF
) review .
sympatholytic selected patients
Functional
improvement in
Red lected HFtEF;
Baroreflex © uces. Device trials and selecte ) ! . . .
.. sympathetic . mortality and Tier 2; adjunctive
activation therapy reviews o
outflow hospitalization
benefit not
established
I
Vagus nerve fiereases . Device trials and Outcome benefit Tier 2;
. ] parasympathetic . . L.
stimulation . reviews not demonstrated investigational
one
Red 1 Small feasibili
. cduees rerhla mall teastbtity No outcome data Tier 2;
Renal denervation sympathetic and early-phase . . .
- ) in HF investigational
activity studies

GRK2 inhibition

Restores 3-AR

responsiveness

Animal models

None in humans

Tier 3; preclinical

6.5 Systems Biology and Computational Modeling:

Advances in systems biology offer an opportunity to map the dynamic interactions within the sympathetic-RAAS axis.
Computational modeling of neurohormonal networks may predict therapeutic responsiveness and identify dominant nodes

within individual patients.
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Integration of transcriptomic, proteomic, and metabolomic data could further delineate molecular signatures associated with
sympathetic or RAAS predominance. Such approaches align with broader cardiovascular precision medicine initiatives
emphasized in contemporary guidelines €.

Artificial intelligence-driven phenotyping may eventually allow real-time personalization of neurohormonal modulation
strategies 7).

6.6 Future Directions:

Several key areas warrant further investigation:

1. Central RAAS-SNS modulation: Translating experimental central-targeting strategies into safe clinical therapies.

2. Biomarker-guided titration: Developing validated algorithms to individualize neurohormonal blockade intensity.

3. Molecular pathway targeting: Advancing GRK2 inhibitors, redox modulators, and antifibrotic therapies.

4. Neuroimmune integration: Clarifying the role of inflammatory signaling in sustaining neurohormonal activation.

5. Phenotype-specific strategies: Tailoring therapies across HF with reduced, mildly reduced, and preserved ejection fraction.

Future research must integrate mechanistic neuroscience, cardiovascular biology, and translational therapeutics to refine axis-

targeted interventions.
6.7 Heterogeneity Across HF Phenotypes, Comorbidities and Treatment Interactions

The evidence for neurohormonal blockade is strongest in HFrEF, and the sympathetic-RAAS framework should not be
assumed to apply uniformly across phenotypes. In HFrEF, B-blockers, RAAS inhibitors, ARNI and MRAs reduce mortality
and hospitalization, whereas at higher ejection fractions the benefits of these agents are smaller or less consistent in
randomized trials; SGLT?2 inhibitors are the main therapy with benefit across the ejection-fraction spectrum. In HFpEF,
sympathetic and RAAS activation may be shaped by comorbid hypertension, obesity, diabetes and chronic kidney disease
(1938 Aetiology (ischemic versus non-ischemic), age, sex, frailty and care setting may further modify neurohormonal profiles

and treatment response, and these subgroups remain under-represented in mechanistic and clinical studies.

Comorbidities also constrain which axis-targeted therapies can be used. Chronic kidney disease and hyperkalemia limit MRA
and ARNI use; symptomatic hypotension limits titration of RAAS-active agents; bradycardia and conduction disease limit §3-

blockers and ivabradine; and reactive airway disease may complicate 3-blocker therapy.

Treatment interactions also require attention. ARNI must not be combined with ACE inhibitors because of the risk of
angioedema, and a 36-hour washout is required when switching. MRAs combined with ACE inhibitors, ARBs or ARNI
increase the risk of hyperkalemia and renal impairment. Ivabradine added to a B-blocker increases the risk of bradycardia, and
SGLT2 inhibitors combined with diuretics may cause volume depletion. Device therapies (BAT, VNS and renal denervation)
may add to drug-induced hypotension or bradycardia, and their incremental benefit on top of contemporary combination
therapy has been little studied.

6.8 Limitations of the Current Evidence

Several limitations constrain the translation of this framework into individualized care. First, this is a narrative review and is
subject to selection bias. Second, much of the mechanistic evidence for central RAAS signaling, GRK2 and neuroimmune
pathways derives from animal models or from hypertension and other non-HF settings, so extrapolation to human HF is
uncertain. Third, there is no validated, widely available measure of sympathetic or RAAS predominance, and no accepted
thresholds for classifying patients. Fourth, no trial has randomized patients to therapy according to axis predominance;
autonomic-targeted individualization therefore remains hypothesis-generating. Fifth, the data for device-based and
investigational therapies are limited by small samples, heterogenecous patient selection and varied endpoints. Finally, many
pivotal drug trials were conducted before current combination therapy, so the incremental value of additional axis-targeted

interventions is uncertain.
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7. CONCLUSION

Heart failure is fundamentally a disorder of maladaptive neurohormonal crosstalk. The sympathetic-RAAS axis operates as a
dynamic, self-amplifying network that links central autonomic dysregulation to peripheral hemodynamic stress, oxidative

injury, inflammation, and structural remodeling.

Precision therapeutics in HF will require moving beyond uniform suppression toward individualized modulation of dominant
neurohormonal drivers. By targeting central integration, peripheral amplification, and molecular convergence points, future
strategies may more effectively disrupt pathological feedback loops and improve long-term outcomes.

Understanding and refining modulation of the sympathetic-RAAS axis therefore represents a critical frontier in cardiovascular

neuroscience and translational heart failure therapy.
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