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Abstract

Cardiomyopathies affect over 3 million individuals globally, with conventional treatments
exhibiting up to 60% resistance and 25% 30-day readmission rates. This review synthe-
sizes the current evidence on the role of neuro-immune interactions in the pathogenesis of
cardiomyopathy and evaluates emerging therapies targeting this axis. We systematically
examined clinical trials and mechanistic and multi-omics data across cardiomyopathy
phenotypes, focusing on autonomic-immune dysregulation. Sympathetic overactivation,
present in approximately 85% of patients, correlates with elevated pro-inflammatory cy-
tokines (TNF-α, IL-1β, and IL-6) and contributes significantly to therapeutic non-response.
Concurrent parasympathetic withdrawal impairs cholinergic anti-inflammatory pathways,
as reflected by reduced heart rate variability and baroreflex sensitivity. At the molecular
level, shared mechanisms include inflammasome activation, neuroimmune synaptic signal-
ing, and neurogenic inflammation. Emerging therapies targeting this axis are promising.
Vagus nerve stimulation, as demonstrated in the INOVATE-HF trial, improves functional
outcomes, whereas IL-1β antagonists reduce cardiovascular events by 15–20% in the con-
text of inflammatory diseases. Bioelectronic interventions, such as transcutaneous vagal
nerve stimulation and baroreflex activation therapy, offer noninvasive dual-modulatory
strategies that address both neural and immune pathways, positioning the neuroimmune
axis as a central driver of cardiomyopathy, regardless of etiology. The integration of genetic
and metabolomic profiling may enable precision therapies targeting neuroimmune circuits,
thereby overcoming the limitations of hemodynamic-focused care. This mechanistic frame-
work shifts the therapeutic paradigm from symptomatic relief to targeted modulation of
pathogenic pathways, with implications for millions of patients with cardiomyopathy and
broader inflammatory cardiovascular disorders.

Keywords: cardiomyopathy; neuro-immune axis; vagus nerve; autonomic nervous system;
neuromodulation; heart failure; neuroinflammation; bioelectronic medicine

1. Introduction
Cardiomyopathies are a heterogeneous group of cardiac disorders characterized by

structural and functional abnormalities of the ventricular myocardium that significantly
affect global cardiovascular health. They constitute the primary etiology of heart failure, a
condition affecting over 64 million people worldwide and imposing substantial clinical and
economic burdens [1–3]. Despite decades of therapeutic advances aimed at hemodynamic
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optimization and neurohormonal blockade, patients with cardiomyopathy continue to ex-
hibit high morbidity and mortality, with mortality rates exceeding 50% within five years of
diagnosis, resulting in more than 1 million hospitalizations annually [2,3]. Approximately
60% of patients demonstrate inadequate therapeutic responses, as reflected by persistent
readmission rates as high as 25% within 30 days [4]. These poor clinical outcomes under-
score the critical limitations of current therapeutic paradigms, necessitating a fundamental
reevaluation of the pathophysiological processes that drive disease progression.

Historically, cardiomyopathy has been viewed predominantly as a structural and
genetic entity. However, recent insights have shifted our understanding toward a more
comprehensive conceptual framework, highlighting the critical role of neuroimmune inter-
actions in disease progression [5]. The neuroimmune axis comprises a complex regulatory
network characterized by constant bidirectional communication between the nervous
and immune systems [6,7]. In cardiomyopathies, this axis orchestrates complex signaling
between neurogenic pathways and inflammatory cascades, establishing neuro-immune
regulatory feedback circuits [8]. In cardiomyopathies, these interactions orchestrate intri-
cate signaling pathways between neurogenic and inflammatory responses, establishing
regulatory feedback circuits essential for cardiac homeostasis [9]. Disruption of these
neuroimmune mechanisms, evidenced by elevated norepinephrine and inflammatory
biomarkers documented in up to 85% of cardiomyopathy patients, contributes significantly
to the therapeutic resistance observed in current clinical management strategies [10]. This
highlights the urgent need for novel precision-driven approaches that simultaneously target
neural and immune pathways.

Despite recent advances, substantial knowledge gaps persist regarding the variability
of neuroimmune interactions in diverse patient populations and disease contexts. Auto-
nomic dysregulation and its differential impact on pediatric versus adult cardiomyopathies
remain poorly characterized, sex-specific variations in immune-autonomic interactions
are largely unexplored, and the role of metabolic dysfunction, notably insulin resistance,
in neuroimmune-driven cardiac remodelling requires further elucidation [11]. The recent
COVID-19 pandemic, exemplifying virus-induced myocarditis, has underscored critical
gaps in our understanding of the mechanisms underlying virus-associated neuroimmune
perturbations and their long-term cardiovascular implications.

This review synthesizes the current evidence on neuroimmune interactions in car-
diomyopathy by examining its molecular mechanisms, clinical manifestations, and emerg-
ing therapeutic opportunities. Our central aim was to provide an integrative analysis of
how distinct cardiomyopathy phenotypes, including dilated, hypertrophic, restrictive, and
stress-induced variants, exhibit unique neuroimmune signatures. Furthermore, we critically
evaluate novel therapeutic paradigms targeting neuroimmune pathways and explore their
integration within precision medicine frameworks using multi-omics approaches. Under-
explored domains, such as pediatric cardiomyopathy, sex-dependent immune-autonomic
heterogeneity, metabolic dysfunction-driven remodelling, and post-viral myocarditis, are
specifically addressed to outline future research directions and therapeutic potential.

2. Review Methodology
We conducted a systematic search using PubMed with established systematic review

guidelines to evaluate the role of the neuroimmune axis in cardiomyopathy pathogenesis
and therapeutic interventions, with particular focus on autonomic dysfunction, inflamma-
tory mechanisms, and bioelectronic medicine applications.
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2.1. Search Strategy

A comprehensive literature search was performed across multiple databases, including
PubMed, covering studies published between January 2010 and August 2025, yielding a
total of 3511 records. The search strategy employed both Medical Subject Headings (MeSH)
terms and free-text keywords to ensure broad coverage of relevant studies. The primary
search terms included:

• “CARDIOMYOPATHY AND NEUROIMMUNE AXIS” (n = 14)
• “CARDIOMYOPATHY, NEUROIMMUNE AXIS AND AUTONOMIC NERVOUS SYS-

TEM” (n = 4)
• “CARDIOMYOPATHY, NEUROIMMUNE AXIS, AUTONOMIC NERVOUS SYSTEM

AND INFLAMMATION” (n = 4)
• “CARDIOMYOPATHY, NEUROIMMUNE AXIS AND INFLAMMATION” (n = 10)
• “CARDIOMYOPATHY, NEUROIMMUNE AXIS AND HEART FAILURE” (n = 4)
• “CARDIOMYOPATHY AND IMMUNE SYSTEM” (n = 2524)
• “CARDIOMYOPATHY AND VAGUS NERVE” (n = 96)
• “CARDIOMYOPATHY AND HEART RATE VARIABILITY” (n = 851)
• “CARDIOMYOPATHY AND BIOELECTRONIC MEDICINE” (n = 2)
• “CARDIOMYOPATHY, BIOELECTRONIC MEDICINE AND HEART FAILURE”

(n = 2)

2.2. Study Selection

The search was refined to prioritize studies published between 1 January 2010, and
31 August 2025, focusing exclusively on peer-reviewed articles in indexed journals, while
also including landmark foundational studies from earlier periods. After removing dupli-
cates, 42 studies were identified as linking cardiomyopathy and neuroimmune mechanisms.
Screening was conducted based on titles and abstracts, leading to the exclusion of studies
irrelevant to cardiac neuroimmunology. A full-text review of the remaining articles was
then performed, resulting in the exclusion of additional studies for the following reasons:

Studies focusing solely on cardiomyopathy development (n = 26)
Reviews without original data contribution (n = 62)
Irrelevant information (n = 3381)
Ultimately, 42 studies met the inclusion criteria and were selected for the analysis.

2.3. Inclusion Criteria

Studies were included if they provided experimental evidence on the role of neuro-
immune mechanisms in cardiomyopathy pathogenesis, progression, or therapeutic in-
tervention. Additionally, research exploring molecular mechanisms such as autonomic
dysfunction, inflammatory cytokine signaling, vagal nerve modulation, and bioelectronic
medicine applications were considered. Clinical studies and observational investigations
evaluating autonomic dysfunction and inflammatory markers in cardiac disease were also
included to ensure a comprehensive analysis from both mechanistic and clinical perspectives.

2.4. Exclusion Criteria

Non-peer-reviewed sources, conceptual frameworks lacking experimental validation,
studies without full-text access (to maintain methodological rigor), and research unrelated
to cardiomyopathy were excluded. These criteria ensured that only studies with direct
relevance and high methodological quality were included in the final analyses. These
criteria ensured that only studies with direct relevance to cardiac neuroimmunology and
high methodological quality were included in the final analysis.
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In addition to the primary database search, we conducted a comprehensive review of
published literature examining the role of autonomic nervous system dysfunction, vagal
nerve stimulation, inflammatory cascades, and bioelectronic medicine in cardiomyopa-
thy. Studies were included based on detailed descriptions of neuroimmune mechanisms
contributing to cardiac pathology, including cytokine-mediated inflammation, autonomic
imbalance, and novel therapeutic approaches targeting the cardiac neuroimmune axis.
We also evaluated clinical trials assessing neuromodulation interventions and inflamma-
tory biomarkers in cardiomyopathy patients to provide comprehensive coverage of both
mechanistic insights and therapeutic applications.

3. Fundamental Mechanisms of the Immuno-Neural Axis in
Cardiac Disease

Under physiological conditions, the autonomic nervous system maintains cardiac
function and immune system homeostasis. In cardiomyopathy, the disruption of this
balance initiates pathological cascades that accelerate disease progression.

3.1. Autonomic Nervous System Dysregulation and Inflammatory Cascades

The pathophysiology of cardiomyopathy extends beyond structural cardiac abnormal-
ities and encompasses a complex interplay between autonomic dysfunction and inflam-
matory activation [12]. This neuroimmune crosstalk operates as a bidirectional signaling
network in which sympathetic overactivity and parasympathetic withdrawal exacerbate the
inflammatory signaling. In cardiomyopathy, this delicate balance is profoundly disrupted,
leading to sustained autonomic imbalance that perpetuates inflammation and accelerates
cardiac deterioration.

Sympathetic nervous system overactivity elevates catecholamine levels, actively driv-
ing inflammation via oxidative stress and inflammatory mediator release [13,14], and
chronic sympathetic activation further modulates immune cell phenotypes toward a pro-
inflammatory state [15]. Excessive reactive oxygen species activate the NLRP3 inflamma-
some, inducing cytokine release and inflammatory cell death (pyroptosis), and perpetuating
tissue damage [8].

Parasympathetic withdrawal simultaneously compromises the anti-inflammatory
mechanisms [16,17]. These autonomic-inflammatory interactions influence clinical out-
comes, as heart rate variability correlates directly with inflammatory markers and progno-
sis [18]. The recognition of autonomic-driven inflammation has prompted the development
of novel therapeutic approaches [19].

3.1.1. Catecholamine-Mediated Inflammatory Activation

The mechanistic convergence between adrenergic signaling and cytokine induction
marks catecholamines as the central mediators of immune activation in cardiomyopathy.
Norepinephrine and epinephrine binding triggers inflammatory signaling pathways, pro-
ducing cytokines (TNF-α, IL-1β, IL-6) associated with cardiotoxicity [5,20]. This creates
a self-amplifying cycle that explains the relentless disease progression and therapeutic
resistance [21].

3.1.2. Metabolic Reprogramming and Immune Activation

Metabolic shifts not only compromise energy production but also act as immunologic
amplifiers, sustaining a pro-inflammatory milieu in cardiomyopathy [6]. This metabolic
transformation has consequences that extend far beyond energy production, directly con-
tributing to inflammatory activation. The byproducts of this altered metabolism serve
as danger signals that activate immune cells and perpetuate inflammation [7]. Specific
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metabolic waste products, including lactate and succinate, bind directly to receptors on
immune cells, triggering inflammatory signaling pathways [8].

Macrophage polarization is central to this metabolic-immune crosstalk, wherein
metabolic dysfunction drives a decisive shift toward the M1 (classically activated) phe-
notype. M1 macrophages are characterized by enhanced glycolytic metabolism, elevated
production of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6), increased inducible
nitric oxide synthase activity, and promotion of Th1-mediated responses that amplify tis-
sue damage. This starkly contrasts with the cardioprotective M2 (alternatively activated)
phenotype, which relies on oxidative metabolism, produces anti-inflammatory mediators,
including IL-10 and arginase-1, supports tissue repair through growth factor secretion,
and promotes Th2 responses conducive to healing. In cardiomyopathy, the metabolic
milieu systematically favors M1 over M2 polarization, creating a self-perpetuating cycle of
inflammation that impairs cardiac repair mechanisms and accelerates disease progression
(Figure 1).

Figure 1. Macrophage polarization and its impact on cardiomyopathy. Naïve M0 macrophages
differentiate into M1 (classically activated) or M2 (alternatively activated) states depending on the
specific stimuli. M1 macrophages induced by IFN-γ, TNF-α, GM-CSF, and LPS express CD80, CD86,
and MHC-II, secrete pro-inflammatory mediators (TNF-α, IL-1β, IL-6, IL-12, ROS, and NO), rely on
glycolytic metabolism, and contribute to cardiomyocyte injury. M2 macrophages are induced by IL-4,
IL-13, TLR ligands, and adenosine, express CD163, CD206, and Arg1, secrete IL-10, TGF-β, VEGF,
and chemokines (CCL17, CCL22), utilize oxidative metabolism, and promote anti-inflammation and
cardiac repair. (Created with BioRender.com, Toronto, ON, Canada). Abbreviations: ROS, reactive
oxygen species; NO, nitric oxide; TME, tumor microenvironment.

This metabolic-immune interaction creates another self-reinforcing pathological cycle
that perpetuates disease progression. Inflammation-induced metabolic alterations perpetu-
ate sympathetic overdrive, resulting in additional metabolic dysfunction and inflammation.
A compromised cardiac energetic state increases the heart’s vulnerability to additional
stressors, creating more opportunities for an inflammatory response. [22]. This metabolic
dimension explains why conventional heart failure treatments that target hemodynamic pa-
rameters often fail to halt disease progression. Persistent metabolic abnormalities and their
inflammatory sequelae drive disease progression, despite improvements in cardiac output
and filling pressure [9]. Figure 2 provides a system-level overview of the autonomic and
immune circuits involved in the pathogenesis of cardiomyopathy and highlights the key
systemic triggers that dysregulate this immuno-neural balance. Targeting these metabolic-
immune loops may be essential for halting cardiomyopathy progression, particularly in
metabolically vulnerable patient subgroups.
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Figure 2. Integrated schematic of the immunoneural axis in cardiomyopathy. The diagram illustrates
the bidirectional interplay between the autonomic nervous system (sympathetic and parasympa-
thetic branches) and the immune system (innate and adaptive) in cardiomyopathy pathogenesis.
Systemic triggers, including insulin resistance, viral infections, toxins, autoimmune conditions, and
CAR-T cell therapy, initiate dysregulation of this axis. Sympathetic overactivation promotes pro-
inflammatory cytokine production (TNF-α, IL-1β, and IL-6), oxidative stress, metabolic dysfunction,
and adverse cardiac remodelling. In parallel, parasympathetic withdrawal impairs the cholinergic
anti-inflammatory pathway mediated by acetylcholine and α7-nicotinic receptors. These disruptions
converge to drive immune polarization, inflammasome activation, cytokine storms, and progressive
cardiac injury. The figure highlights the key feedback loops that reinforce neuroimmune dysreg-
ulation and create a self-sustaining cycle of inflammation and cardiac dysfunction. (Created with
BioRender.com, Toronto, ON, Canada).

3.2. Parasympathetic Withdrawal and Loss of Anti-Inflammatory Control

The loss of parasympathetic restraint is not merely a consequence but also a driver
of chronic inflammation in cardiomyopathy [23]. While sympathetic overactivation has
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received considerable attention, parasympathetic dysfunction is equally critical in the
pathogenesis of cardiomyopathy.

3.2.1. Vagal Dysfunction and Cholinergic Anti-Inflammatory Control in
Cardiomyopathy Pathophysiology

The vagus nerve mediates systemic anti-inflammatory control by releasing acetyl-
choline, which activates α7-nicotinic acetylcholine receptors (α7nAChRs) on innate im-
mune cells to suppress pro-inflammatory cytokine production [24]. In cardiomyopathy,
anti-inflammatory control is severely compromised. Reduced vagal signaling lowers acetyl-
choline availability, lifting the suppression of inflammatory cytokines, such as TNF-α,
IL-1β, and IL-6, within cardiac macrophages [25]. Clinically, this manifests as reduced
heart rate variability (HRV), a surrogate marker of impaired baroreflex sensitivity, which
correlates with disease severity and adverse outcomes.

Persistent systemic inflammation damages vagal afferent and efferent fibers, reinforc-
ing dysfunction through a maladaptive feedback loop [26]. This becomes neurologically
encoded through maladaptive neuroplasticity, remodelling of cardiac autonomic circuits,
and sustaining inflammation, even after the resolution of the initial injury.

3.2.2. Baroreflex Dysfunction and Heart Rate Variability

Heart rate variability (HRV) analysis provides a non-invasive assessment of vagal
function through beat-to-beat cardiac rhythm variations. Patients with cardiomyopathy
demonstrate significantly reduced HRV, indicating compromised baroreflex sensitivity
and impaired vagal anti-inflammatory capacity [27]. This creates another pathological
feedback loop, in which diminished vagal tone permits inflammatory activation, whereas
inflammatory mediators damage vagal fibers.

3.3. Central Nervous System Integration and Neuro-Immune Signaling

The integration of autonomic and immune responses occurs not only in the heart but
also in sophisticated brain circuits that coordinate the body’s response to cardiac stress
and inflammation. The central nervous system orchestrates neuroimmune integration
through coordinated activity in the brainstem, hypothalamus, and cortical regions, which
receive converging inputs from cardiac afferent nerves and circulating cytokines [28]. These
central hubs decode peripheral inflammatory signals and modulate downstream autonomic
outputs, exerting control over the cardiac electrophysiology. This neuroimmune crosstalk
influences ion channel expression, repolarization dynamics, and conduction velocity within
the myocardium, establishing a direct mechanistic link between central inflammatory
processing and arrhythmogenic susceptibility in cardiomyopathy [29].

3.4. Inflammasome Activation and Pyroptosis

The NLRP3 inflammasome serves as a critical molecular sensor that integrates multi-
ple danger signals related to cardiac stress and autonomic dysfunction, activating specific
enzymes that produce mature inflammatory cytokines while simultaneously triggering
a form of inflammatory cell death, called pyroptosis [30]. Sympathetic overactivation
directly primes the inflammasome machinery, creating a molecular link between autonomic
dysfunction and inflammatory activation. Excessive sympathetic β-adrenergic stimulation
primes NLRP3 assembly, linking catecholaminergic stress to the amplification of inflam-
mation. Simultaneously, the loss of parasympathetic restraint removes normal cholinergic
inhibition of immune cells, further amplifying inflammatory responses.

Metabolic dysfunction, particularly insulin resistance, serves as an additional up-
stream driver that amplifies this inflammatory axis through multiple mechanisms. Defec-
tive insulin signaling in heart muscle cells enhances oxidative stress and mitochondrial
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dysfunction, both of which promote inflammasome activation. It also elevates free fatty
acids in the bloodstream, which act as danger signals that activate immune pattern recog-
nition receptors. Circulating free fatty acids act as DAMPs, activate TLR4, and initiate
NF-κB–mediated cytokine expression [31]. Concurrently, advanced glycation end products
(AGEs) engage RAGE receptors on cardiac macrophages, sustaining pro-inflammatory
signaling and driving maladaptive fibrotic remodelling in diabetic cardiomyopathy.

4. Clinical Phenotypes and Neuro-Immune Signatures
The clinical manifestations of cardiomyopathy are shaped by specific neuroimmune

signatures that can guide personalized management strategies.

4.1. Dilated Cardiomyopathy and Chronic Heart Failure

Dilated cardiomyopathy (DCM) is a prototypical neuroimmune disorder characterized
by marked autonomic imbalance and systemic inflammation. DCM affects approximately
1:250 individuals globally and is the leading indication for cardiac transplantation [32].
The hallmark pathophysiology involves progressive ventricular dilatation and systolic
dysfunction (ejection fraction <40%) driven by myocyte loss, interstitial fibrosis, and com-
pensatory neurohormonal activation [33]. Genetic mutations account for 30–50% of cases,
with titin (TTN) truncating variants being the most common cause (15–25%), followed by
lamin A/C (LMNA) and desmin mutations [12]. Acquired causes include viral myocarditis
(particularly coxsackievirus B3 and parvovirus B19), cardiotoxins (anthracyclines and alco-
hol), and peripartum cardiomyopathy [34]. Despite advances in neurohormonal blockade,
which have achieved a 20–35% reduction in mortality, traditional hemodynamic-focused
therapies fail to address the underlying neuroimmune dysfunction [35,36]. The hallmark of
this condition is severe sympathetic nervous system overactivation, with norepinephrine
levels directly correlating with the degree of heart muscle dysfunction and the patient out-
comes [37]. Concurrently, patients display persistently elevated levels of pro-inflammatory
cytokines, including TNF-α, IL-1β, and IL-6, which serve as prognostic biomarkers of
disease progression and mortality. Vagal withdrawal further contributes to autonomic dys-
regulation, as evidenced by significantly reduced heart rate variability (HRV) and impaired
baroreflex function, both of which are independent predictors of sudden cardiac death and
heart failure-related morbidity. This neuroimmune signature explains why conventional
RAAS inhibition and beta-blockade, while providing symptomatic relief, often fail to halt
disease progression in 60% of patients with treatment resistance [38].

4.2. Hypertrophic Cardiomyopathy and Genetic Neuro-Immune Interactions

Hypertrophic cardiomyopathy (HCM) affects approximately 1:500 individuals and is
characterized by asymmetric left ventricular hypertrophy (wall thickness ≥15 mm) with-
out a hemodynamic cause [39]. Over 1400 mutations in 11 sarcomeric genes have been
identified, with MYH7 (β-myosin heavy chain) and MYBPC3 (myosin-binding protein C)
accounting for approximately 70% of cases [40]. The pathophysiology centers on sarcom-
eric protein mutations, causing myofibrillar disarray, diastolic dysfunction, and dynamic
outflow obstruction in 70% of cases [41]. Traditional management focuses on symptom
control through negative inotropic agents (beta-blockers and calcium channel blockers) and
septal reduction therapy; however, these approaches do not prevent fibrotic progression or
address arrhythmia risk [42].

HCM presents a unique model of how genetic mutations in heart muscle proteins
can trigger neuro-immune dysfunction through biomechanical stress, where inherited
mutations in contractile proteins cause disorganized muscle architecture and mechanical
stress, which activates local inflammatory responses. This mechanical stress promotes the
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recruitment of inflammatory cells and the activation of fibroblast cells that produce scar tis-
sue, creating an electrical substrate that predisposes to dangerous arrhythmia [40]. LMNA
mutations increase susceptibility to inflammation, elevating interleukin-6, tumor necrosis
factor alpha, and macrophage infiltration, even in the early stages of the disease [43]. Au-
tonomic imbalance further compounds this risk, with exaggerated sympathetic activity
and impaired vagal modulation fostering an arrhythmogenic neuroimmune milieu that
increases susceptibility to sudden cardiac death and adverse electrical remodelling. This
mechanistic understanding explains why traditional negative inotropic therapy, while con-
trolling symptoms, fails to modify the underlying inflammatory substrate driving disease
progression [44].

4.3. Takotsubo Cardiomyopathy- an Acute Neuro-Immune Crisis

Takotsubo cardiomyopathy (TTC) presents as acute reversible cardiac dysfunction
triggered by emotional or physical stress, predominantly affecting postmenopausal women
(90% of cases), with plasma norepinephrine levels 2–3-fold higher than those in acute
myocardial infarction [45]. TTC accounts for 1–2% of acute coronary syndrome presenta-
tions, with in-hospital mortality of 9% and a rate of recurrence reaching 2.9% per year [45].
The characteristic apical ballooning pattern reflects catecholamine-mediated myocardial
stunning, with the traditional pathophysiology attributing the syndrome to coronary mi-
crovascular dysfunction and direct catecholamine toxicity [46]. Diagnosis follows the
modified Mayo Clinic criteria of transient wall motion abnormalities extending beyond a
single coronary territory, absence of obstructive coronary disease, and emotional/physical
triggers [47]. TTC exemplifies acute neuroimmune dysregulation triggered by extreme
emotional or physical stress, leading to a sudden surge in catecholamines. This surge
directly damages the myocardial tissue and activates systemic inflammatory responses [48].
Acute-phase features include elevated inflammatory markers, including C-reactive protein,
IL-6, and TNF-α, contributing to myocardial stunning and ballooning. This condition
demonstrates how acute stress-induced sympathetic overactivation can overwhelm normal
cardiac adaptive mechanisms, creating a cascade of neuroimmune activation that manifests
as reversible cardiac dysfunction. The predominance in postmenopausal women reflects
the loss of estrogen’s cardioprotective effects on autonomic regulation and inflammatory
modulation, highlighting the intersection between hormonal status, neuroimmune function,
and cardiac vulnerability [49].

4.4. Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) affects 1:2,000–5000 individuals, character-
ized by progressive fibrofatty replacement of the myocardium and a high risk of arrhyth-
mia [50]. Mutations in five desmosomal genes (PKP2, DSG2, DSC2, DSP, JUP) account
for 50–60% of cases, with plakophilin-2 (PKP2) most frequently involved [51]. Traditional
pathophysiology focused on desmosomal protein dysfunction causing cell–cell adhesion
defects and mechanical stress-induced myocyte death [52]. The right ventricle is predom-
inantly affected (classical ARVC), though biventricular and left-dominant variants are
increasingly recognized [53]. Exercise restriction is paramount given the role of physical
activity in disease progression, though current therapies remain largely supportive. ACM
is distinguished by complex neuroimmune pathophysiology driven by mutations in desmo-
somal proteins, which disrupt structural integrity and initiate inflammatory and autonomic
dysregulation [54]. Histologically, ACM is marked by T-lymphocyte and macrophage
infiltration, contributing to progressive cardiomyocyte loss and the hallmark fibrofatty
myocardial replacement that predisposes patients to malignant arrhythmias [55].
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This structural degeneration is accompanied by autonomic remodelling, character-
ized by abnormal sympathetic innervation and cycles of denervation and re-innervation,
creating spatial heterogeneity in neural control. The neuroimmune axis plays a pivotal
role in this process, where cytokine signaling influences neural sprouting and survival [56].
Notably, physical exertion amplifies disease progression by intensifying sympathetic out-
put and mechanical stress, which in turn escalates local inflammation via neuro-immune
crosstalk, accelerating fibrofatty transformation and arrhythmogenesis [57]. This mechanis-
tic framework explains why exercise restriction remains a cornerstone of management and
highlights the need for therapies targeting both the inflammatory pathways and autonomic
dysfunction [58].

4.5. Pediatric and Developmental Cardiomyopathy

The incidence of pediatric cardiomyopathy is 0.57–1.13 per 100,000 children, with
distinct etiological and prognostic profiles compared to adult disease [59]. Genetic causes
predominate (60–70%), including metabolic disorders (glycogen storage diseases, mito-
chondrial cardiomyopathies) and sarcomeric mutations [60]. Infants present primarily with
dilated cardiomyopathy (50% of cases), often secondary to metabolic or genetic disorders,
while hypertrophic cardiomyopathy in children is frequently associated with inborn errors
of metabolism or malformation syndromes [61]. Traditional management emphasizes
heart failure optimization and consideration for mechanical support or transplantation,
with 5-year survival rates of 65–75%, though diagnostic workup requires comprehensive
metabolic screening and genetic testing [62].

It represents unique neuro-immune dynamics due to age-related differences in im-
mune maturation, autonomic regulation, and genetic predisposition. Children are more
susceptible to developing cardiomyopathy secondary to metabolic disorders, genetic syn-
dromes, or post-infectious immune problems, with parvovirus B19 and human herpesvirus
6 being the main viral causes [63]. Multisystem Inflammatory Syndrome in Children
(MIS-C) associated with SARS-CoV-2 represents a perfect example of neuro-immune car-
diomyopathy, characterized by acute myocarditis and dilated cardiomyopathy through
hyperinflammatory cytokine storm involving IL-6, IL-1β, and TNF-α [64,65]. Patients with
MIS-C show profound autonomic dysfunction with reduced heart rate variability and
elevated sympathetic tone, mirroring adult neuroimmune cardiomyopathy patterns [66].
Recent multicenter studies have revealed that 72% of patients with MIS-C develop low
blood pressure and cardiac dysfunction, with 96% showing elevated brain natriuretic
peptide levels and 64% demonstrating increased cardiac troponin levels [67]. Heightened
neuroplasticity in pediatric autonomic circuits suggests unique opportunities for early
intervention through vagal stimulation or targeted immunomodulatory strategies [68].

4.6. COVID-19 and Post-Viral Neuro-Immune Cardiomyopathy

The COVID-19 pandemic has provided unprecedented insight into the mechanisms
through which viral infections can trigger persistent neuroimmune cardiac dysfunction.
SARS-CoV-2–induced cardiomyopathy arises from a triad of direct viral cardio-tropism,
systemic hyperinflammation, and severe autonomic imbalance. Viral entry via ACE2
receptors facilitate myocardial infiltration, and the ensuing cytokine storm exacerbates tis-
sue injury and immune-mediated damage. COVID-19–associated cardiomyopathy affects
0.146% of hospitalized patients, with mortality rates reaching 13.3% [69,70]. The emerging
evidence linking human papillomavirus infection with coronary artery disease through
shared inflammatory and metabolic pathways, viral triggers such as SARS-CoV-2 may
induce chronic cardiovascular vulnerability via immune-metabolic dysregulation [71,72].
The syndrome ranges from acute myocarditis to chronic dilated cardiomyopathy, with the
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traditional pathophysiology encompassing direct viral cytotoxicity via ACE2 receptors,
cytokine storm-mediated injury, and microvascular dysfunction [73]. Acute presentations
include fulminant myocarditis requiring mechanical support, whereas chronic manifes-
tations resemble dilated cardiomyopathy. Beyond the acute phase, post-COVID cardiac
symptoms affect 10–30% of survivors and are characterized by persistent dyspnea, reduced
exercise tolerance, and autonomic dysfunction, including POTS-like syndromes. Cardiac
MRI demonstrates persistent inflammatory changes in 60% of recovered patients [74]. This
prolonged neuroimmune dysregulation demonstrates how viral triggers can establish per-
sistent pathological circuits that maintain cardiac dysfunction long after viral clearance [75].
The mechanistic parallels between COVID-19 cardiomyopathy and other viral myocarditis
suggest common neuroimmune pathways that could be therapeutically targeted across
multiple etiologies. Table 1 summarizes the major immuno-neural signaling components
implicated in cardiomyopathy pathophysiology, their key mediators, and mechanistic
pathways. Shared neuroimmune mechanisms underlie disease progression across all major
cardiomyopathy phenotypes, whereas the clinical outcomes remain highly variable. A
summary of the etiology, prognosis, and current treatment strategies for each subtype is
shown in Figure 3.

Table 1. Key Neuro-immune Pathways in Cardiomyopathy.

Axis Component Key Mediators Cardiomyopathy Role Mechanistic Notes Primary CM
Associations

Sympathetic Nervous
System [5,8]

Norepinephrine,
Epinephrine, NPY

Promotes inflammation,
oxidative stress, and

arrhythmogenesis

β2-AR activation on
immune cells *→

#↑TNF-α, IL-1β, IL-6

DCM [76], HCM [77],
TTC [78], COVID-19

CM [79]

Parasympathetic
System [25,80] Acetylcholine, VIP Anti-inflammatory,

cardioprotective

α7-nAChR activation
*→ ˆ↓TNF-α, IL-1β via

cholinergic
anti-inflammatory

pathway

DCM [81]

Central Neural
Integration [5] Cortisol, CRH, AVP

Coordinates
neuro-immune

responses

HPA axis activation,
microglial activation,

and neuroinflammation
TTC [82]

Inflammatory
Cytokines [8]

TNF-α, IL-1β, IL-6,
IL-10

Impair contractility,
promote fibrosis

Cross blood–brain
barrier, affect

autonomic centers

DCM [83], ACM [58],
COVID-19 CM [84]

Damage Signals
(DAMPs) [8] HMGB1, Trigger sterile

inflammation

Activate TLRs,
modulated by vagal

tone
ACM [58]

Inflammasome
Pathway [8]

NLRP3, Caspase-1,
IL-1β Mediates

Primed by β-adrenergic
signaling, suppressed
by cholinergic activity

DCM [85], HCM [86]

Complement System
[87] C3a, C5a, MAC

Amplifies
inflammatory

responses

Activated by DAMPs,
modulated by neural

signals
DCM [88], ACM [89]

Neurotransmitter [5] Dopamine, Substance P,
GABA

Modulates immune cell
function

Receptor-mediated
effects on T-cells,

macrophages
DCM [90]

*→ denotes leading to, #↑ denotes upregulation, ˆ↓ denotes downregulation.
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Figure 3. Overview of cardiomyopathy subtypes, including their characteristic etiologies, prog-
nostic implications, and current treatment strategies. Dilated cardiomyopathy is primarily driven
by sympathetic overactivation, inflammatory cytokines, and vagal dysfunction, with poor long-
term survival despite neurohormonal blockade therapy. Hypertrophic cardiomyopathy involves
macrophage/fibroblast activation and arrhythmogenic remodelling, with a persistent risk of sud-
den death despite the use of β-blockers and myosin inhibitors. Arrhythmogenic cardiomyopathy
is associated with desmosomal mutations, immune cell infiltration, and neural remodelling, with
treatment centered on arrhythmia suppression and ICD implantation. Takotsubo cardiomyopathy
reflects acute catecholamine surge and autonomic dysfunction, with recurrence risk linked to stress,
whereas pediatric cardiomyopathies reflect immune immaturity and viral triggers, requiring age-
specific immune modulation. COVID-19 cardiomyopathy combines viral entry via ACE2, cytokine
storm, and persistent autonomic dysfunction, with long COVID sequelae complicating management.
(Created with BioRender.com, Toronto, ON, Canada).

5. Therapeutic Interventions Targeting the Neuro-Immune Axis
These insights into the neuroimmune architecture set the stage for a deeper under-

standing of how targeted therapies, both pharmacologic and device-based, can modulate
these interconnected systems to reverse or halt disease progression. The complex metabolic-
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immune-neural interactions described above have profound implications for therapeutic
intervention. Rather than targeting individual pathways in isolation, optimal therapeutic
strategies must address the interconnected nature of these systems, recognizing that suc-
cessful intervention requires the simultaneous modulation of multiple nodes within this
pathophysiological network.

5.1. Conventional Treatments of Cardiomyopathies and Their Limitations

Conventional management of cardiomyopathies remains phenotype-specific yet
largely symptom-directed, with therapies that reduce mortality but fail to address the
persistent neuroimmune dysfunction. In dilated cardiomyopathy (DCM), standard neuro-
hormonal blockade with ACE inhibitors/ARBs, β-blockers, and mineralocorticoid receptor
antagonists lowers mortality by 20–35% [91], with newer agents such as sacubitril–valsartan
(ARNI therapy) and SGLT2 inhibitors offering incremental benefits [92]. Device therapies,
including implantable cardioverter-defibrillators (ICDs) and cardiac resynchronization
therapy (CRT), improve survival in selected patients [93]. However, up to 60% of patients
remain refractory, 25% are readmitted within 30 days, and 5-year mortality exceeds 50% [94],
reflecting unresolved inflammatory and autonomic dysregulation [95]. In hypertrophic
cardiomyopathy (HCM), β-blockers and calcium channel blockers relieve obstruction, and
myectomy or alcohol ablation is used in refractory cases [96]. The advent of mavacamten
has provided significant symptomatic improvement [97]; however, fibrosis, inflammatory
remodelling, and sudden death risk (1–2% annually) remain unresolved [98,99]. Simi-
larly, arrhythmogenic cardiomyopathy (ACM) is managed with exercise restriction, an-
tiarrhythmics, and ICDs [53,100]; however, disease progression continues with fibrofatty
replacement and declining antiarrhythmic efficacy [101].

Other subtypes have similar therapeutic limitations. Takotsubo cardiomyopathy is
treated with supportive care, including ACE inhibitors and β-blockers [102]; however,
recurrence affects 10% of patients, and cardiogenic shock arises in 10–15% of cases [103],
as stress-induced neuroimmune activation remains unaddressed [104]. In pediatric car-
diomyopathies, extrapolated adult therapies such as ACE inhibitors, β-blockers, and
diuretics [105] are often ineffective, with mechanical support or transplantation required in
advanced disease [106]. The 5-year survival rate is only 59% [107], underscoring the unique
neuroimmune biology of developing hearts. Finally, COVID-19–related cardiomyopathy
is managed with conventional heart failure therapies and, in severe inflammatory cases,
with corticosteroids or immunosuppression [108]. However, the combined effects of viral
cardio-tropism, cytokine storm, and autonomic dysfunction generate sequelae that cannot
be resolved by conventional treatments, including long-term autonomic dysregulation and
exercise intolerance [109].

Together, these limitations reveal a shared gap across different cardiomyopathy phe-
notypes. Although conventional therapies improve hemodynamics and reduce mortality,
they fail to disrupt the persistent inflammatory and autonomic circuits that drive disease
progression. This therapeutic inadequacy highlights the urgent need for neuroimmune-
targeted intervention.

5.2. Beyond Hemodynamics and Neuro-Immune Actions of Traditional Therapies

Traditional cardiovascular therapies exhibit pleiotropic effects that extend beyond
their primary pharmacological targets. Beta-adrenergic blockers not only suppress sympa-
thetic overactivation but also exert direct immunomodulatory effects by downregulating
pro-inflammatory cytokine production, independent of their hemodynamic benefits. [110].
Similarly, renin–angiotensin–aldosterone system (RAAS) inhibitors confer neuro-immune
advantages by enhancing vagal tone and interrupting angiotensin II-mediated inflamma-
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tory pathways, thereby contributing to autonomic rebalancing and myocardial immune
quiescence in cardiomyopathy. These pleiotropic effects highlight the importance of reeval-
uating standard heart failure therapies through a neuroimmune lens.

5.3. Emerging Metabolic-Immune Modulators

Interestingly, a new class of medications originally developed for diabetes has emerged
as powerful neuro-immune modulators in heart failure, exemplifying how targeting
metabolic dysfunction can restore autonomic and immune balance. Metabolic modulators
have emerged as potent neuro-immune therapies, with SGLT2 inhibitors exemplifying
this therapeutic approach. Beyond glycemic control, they reduce oxidative stress, restore
mitochondrial function, and suppress inflammation, targeting metabolic-immune-neural
dysfunction [111]. Clinical evidence shows that SGLT2 inhibitors enhance vagal tone and
decrease systemic inflammation in heart failure, independent of glucose lowering, indi-
cating direct neuroimmune modulation [112,113]. This metabolic approach represents a
significant advancement as it demonstrates how restoring cellular energy production can
simultaneously improve autonomic balance, reduce inflammation, and promote beneficial
cardiac remodelling.

5.4. Targeted Anti-Inflammatory Interventions

Building on our understanding of inflammatory pathways in cardiomyopathy, a
new generation of therapies specifically targets immune dysfunction while simultaneously
restoring autonomic function. The inflammatory arm of the neuroimmune axis has emerged
as a compelling therapeutic target, and interventions that modulate both immune activation
and autonomic function are gaining traction in clinical settings. Interleukin-1β antagonists
are used because IL-1β is a key cytokine released during neuroimmune activation in car-
diomyopathy. By blocking IL-1β, these drugs aim to disrupt the inflammatory loop, which
is fueled by sympathetic overdrive. Interleukin-1 receptor antagonists reduce systemic
inflammation while concurrently enhancing autonomic tone, as reflected by improved heart
rate variability and reduced cardiovascular events [114]. These dual benefits demonstrate
that immunomodulation can serve not only as an anti-inflammatory therapy but also as a
method to rebalance neural circuits that control cardiac function.

Colchicine, a medication with ancient origins in the treatment of gout, has gained
renewed attention in cardiology because of its ability to target specific inflammatory path-
ways that intersect with autonomic control mechanisms. Recent studies have highlighted
the efficacy of the ketogenic diet in lowering inflammatory biomarkers and improving heart
rate variability, underscoring its relevance when applied with precision to neuroimmune
dysregulation [18]. These findings support a new therapeutic paradigm in which anti-
inflammatory treatments serve not only as symptom reducers but also as comprehensive
modulators of the neuroimmune interface.

5.5. Clinical Implications and Future Directions

Rather than targeting individual pathways in isolation, optimal therapeutic strategies
must address the interconnected nature of these systems, recognizing that successful inter-
vention requires simultaneous modulation of multiple nodes within this pathophysiological
network. As illustrated in Figure 4, these therapeutic targets span the sympathetic and
parasympathetic nervous systems, the immune interface, and central autonomic regulation,
reflecting the need for integrated neuroimmune modulation in cardiomyopathy. These
therapeutic innovations represent a shift from symptom management to targeting the
underlying neuroimmune mechanisms driving cardiomyopathy. Integrating metabolic,
autonomic, and immune-based strategies reflects a systems biology approach that enables
more precise mechanism-guided interventions [115]. This understanding is relevant not
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only for cardiovascular conditions but also for systemic immune disorders, underscoring
the need for therapies that address the neuroimmune axis.

Figure 4. Therapeutic Targets within the Neuroimmune Network. The figure illustrates the multidi-
mensional therapeutic landscape of targeting the neuroimmune axis in cardiomyopathy. Sympathetic
overactivation promotes inflammation via β-adrenergic signaling and cytokine release, which can be
addressed by β-blockers and selective cytokine blockade. Adaptive immune activation, characterized
by T-cell-mediated elevation of IL-1β, IL-6, and TNF-α, is targeted through monoclonal therapies,
including IL-1β inhibitors, anti-TNF agents, and IL-6 antagonists such as tocilizumab. Concurrent
parasympathetic withdrawal reduces vagal tone and cholinergic anti-inflammatory signaling, which
is countered by vagal nerve stimulation. Innate immune dysregulation, including macrophage
polarization and NLRP3 inflammasome activation, can be mitigated by NLRP3 inhibitors, comple-
ment inhibitors (e.g., C5a and C1 esterase), and colchicine. At the metabolic level, glycolytic shift
and reactive oxygen species (ROS) drive further inflammation, which can be addressed by SGLT2
inhibitors, mitochondrial antioxidants, insulin sensitizers, and anti-inflammatory metabolic interven-
tions. Together, these targeted therapies form a systems-based approach to restore the neuroimmune
balance and prevent the progression of cardiac dysfunction. (Created with BioRender.com, Toronto,
Ontario, Canada).

5.6. Targeted Immunotherapy

The therapeutic landscape of cardiomyopathy is shifting toward precision im-
munotherapy, moving beyond broad-spectrum suppression to targeted modulation of
disease-driving inflammatory pathways. Interleukin-1β inhibition with canakinumab, a
monoclonal antibody, has demonstrated significant cardiovascular benefits by attenuating
systemic and myocardial inflammation [116]. Although its initial use was outside cardi-
ology, its relevance in cardiomyopathy is increasingly recognized, warranting dedicated
trials to define its utility in cardiac-specific inflammation [31,117].

Targeting tumor necrosis factor alpha (TNF-α) has yielded mixed results; early
nonspecific blockade was largely ineffective [118], but emerging evidence suggests that
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subtype-specific or temporally precise TNF-α inhibition may benefit selected patients [119].
Interleukin-6 (IL-6) blockade, particularly via tocilizumab, has shown promise in inflam-
matory cardiomyopathies, such as myocarditis, in which IL-6 plays a dominant role [120].
In such settings, selective interruption of IL-6 signaling may be both protective and disease-
modifying [121].

Inhibition of the complement system has emerged as a significant area of investiga-
tion in addressing myocardial inflammation across various cardiomyopathy phenotypes.
The complement system, a key element of innate immunity, plays a pivotal role in me-
diating myocardial inflammation, as supported by evidence indicating its involvement
in ischemia/reperfusion (I/R) injury and myocardial infarction [122,123]. Targeted com-
plement blockade has been shown to disrupt self-perpetuating inflammatory loops that
exacerbate cardiac dysfunction [124]. Specifically, inhibitors of complement components,
such as C1 esterase inhibitors and C5a receptor antagonists, are currently being investigated
for their potential to mitigate complement-mediated myocardial injury [125].

The complement cascade is central to the initial immune response, driving inflamma-
tory processes within the myocardium, which affect various cardiomyopathy phenotypes.
Research has demonstrated that Complement activation correlates with increased myocar-
dial tissue damage during I/R, reinforcing the rationale for targeted complement inhibition
as a therapeutic strategy [123,126]. Notably, specific agents targeting the complement
system have demonstrated efficacy in preclinical models, supporting the potential clin-
ical applications of immunotherapeutic interventions focused on tailored complement
inhibition [127].

Moreover, the evolving landscape of treatment strategies underscores the urgent
need for biomarker-driven patient stratification. As immunotherapy is integrated into
cardiology, the success of such interventions will depend on accurately identifying the
target populations, as highlighted in recent studies [128,129]. Effective selection based on
immunological profiling and mechanistic understanding will be critical for optimizing
patient outcomes in cardiomyopathy, suggesting that precise immunological metrics will
serve as the cornerstone for advancing personalized therapeutic approaches.

5.7. Bioelectronic Medicine: The Future of Heart Healing

Bioelectronic medicine offers a novel approach to restoring the neuroimmune balance
through autonomic modulation. Vagus nerve stimulation (VNS), which enhances parasym-
pathetic tone and suppresses inflammatory cytokines, has improved the quality of life
and exercise capacity in patients with HF, although mortality benefits remain uncertain.
Clinical trials, including INOVATE HF, have demonstrated these benefits despite variability
in long-term outcomes [80,130].

Non-invasive transcutaneous VNS provides autonomic and immunomodulatory ef-
fects while minimizing procedural risks. Baroreflex activation therapy (BAT) and thoracic
spinal cord stimulation further expand therapeutic options by targeting sympathetic over-
drive and restoring autonomic equilibrium [131].

5.8. Integrated Therapeutic Approaches–Healing Beyond Medication

Contemporary cardiomyopathy treatment paradigms have evolved to incorporate
evidence-based lifestyle and behavioral interventions as adjunctive therapies to conven-
tional pharmacological approaches. This integrated strategy recognizes the multifactorial
nature of cardiomyopathy pathophysiology and targets both the direct cardiac effects and
systemic modulatory pathways of cardiomyopathy.
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5.8.1. Exercise-Based Cardiac Rehabilitation

Structured cardiac rehabilitation with supervised exercise training is a foundational
component of cardiomyopathy management, supported by Level I evidence for key clinical
outcomes. Meta analyses of randomized controlled trials consistently show that exercise
interventions significantly improve peak oxygen consumption (VO2max), six-minute walk
distance, and quality of life, with effect sizes ranging from 0.4 to 0.8 standard deviations
compared to standard care [132]. These benefits are driven by multiple physiological
mechanisms, including improved cardiac output, enhanced peripheral oxygen extraction,
and favorable neurohormonal adaptation. Exercise increases heart rate variability, reduces
sympathetic hyperactivation, and lowers inflammatory biomarkers such as C-reactive
protein, interleukin 6, and TNF α [133]. These changes reflect integrated improvements
in endothelial function, parasympathetic tone and modulation of the renin–angiotensin–
aldosterone system.

5.8.2. Psychosocial Interventions and Stress Management

The bidirectional relationship between psychological stress and cardiomyopathy
progression has prompted investigations into targeted psychosocial interventions in pa-
tients with cardiomyopathy. Systematic reviews indicate that cognitive-behavioral therapy,
mindfulness-based stress reduction, and structured relaxation techniques may provide
modest but clinically relevant benefits in selected cardiomyopathy populations. These
interventions appear to operate through stress-mediated pathways involving hypothalamic–
pituitary–adrenal axis modulation and a reduction in chronic inflammatory states [134].
However, the evidence base remains heterogeneous, with significant variability in the
intervention protocols, outcome measures, and patient populations across studies. Further
research is needed to establish the optimal intervention characteristics, identify patients
who are most likely to benefit, and determine long-term clinical outcomes.

Lifestyle and behavioral strategies are increasingly recognized as vital, cost-effective
approaches to modulate the neuro-immune axis in cardiomyopathy, enhancing disease
management and patient outcomes [135]. Structured cardiac rehabilitation, with super-
vised exercise training, improves autonomic balance and reduces inflammation, as evi-
denced by enhanced heart rate variability, diminished sympathetic activity, and lower
pro-inflammatory cytokines, highlighting physical activity as a key neuro-immune modula-
tor [136]. Psychological stress reduction techniques, including cognitive behavioral therapy,
mindfulness, and relaxation, show potential in attenuating neuroendocrine stress responses
and their inflammatory consequences; however, further research is warranted to clarify
their clinical impact on cardiomyopathy [137].

Emerging evidence on the gut–brain-heart axis suggests that targeted microbiome
modulation through probiotics and dietary interventions may restore autonomic function
and suppress systemic inflammation, offering innovative avenues to address the complex
crosstalk between gut microbiota, neural pathways, and cardiac health [138]. Table 2
provides a comparative overview of the clinical therapies targeting the immuno-neural axis.

Table 2. Clinical Interventions Targeting the Neuro-Immune Axis.

Study/Therapy Modality Targeted Axis Key Findings

INOVATE-HF [80] Implantable VNS Vagal anti-inflammatory Improved QoL, 6MWD; no
mortality benefit

CardioFit [80] Vagal stimulation Parasympathetic
enhancement

Improved functional
capacity, mixed outcomes
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Table 2. Cont.

Study/Therapy Modality Targeted Axis Key Findings

Transcutaneous VNS [25] Non-invasive VNS Cholinergic
anti-inflammatory

*↑ HRV, #↓ IL-6 (~10–20%),
improved exercise

tolerance

Baroreflex Activation [139] Carotid sinus stimulation Sympathetic suppression
Reduced sympathetic
activity, improved HF

symptoms

Anti-IL-1β Therapy [8] Canakinumab Inflammatory cytokine
blockade

Reduced cardiovascular
events in inflammatory

conditions

Anti-TNF-α Therapy [87] Etanercept, Infliximab TNF-α neutralization
Mixed results in HF;
potential in specific

subtypes

Beta-blocker Therapy [5] Metoprolol, Carvedilol Sympathetic + inflamma-
tory blockade

Mortality benefit, #↓
inflammatory markers

Spinal Cord
Stimulation [140] Thoracic SCS Sympathetic modulation Improved cardiac function

in animal models

Microbiome
Modulation [138] Probiotics, Dietary fiber Gut–brain-heart axis *↑ HRV, #↓ inflammatory

markers

Cardiac Rehabilitation [5] Exercise + education Multi-modal
neuro-immune

Improved autonomic
balance, *↓ inflammation

Meditation/Mindfulness [141] Stress reduction HPA axis modulation *↓ cortisol, improved HRV

Selective VNS [25] Targeted vagal stimulation Efferent vagal fibers Improved selectivity,
reduced side effects

*↑ denotes upregulation; #↓ denotes upregulation.

6. Precision Medicine and Future Directions
6.1. Biomarker Development

Comprehensive neuroimmune profiling in cardiomyopathy requires tools that as-
sess both autonomic integrity and inflammatory status. Heart rate variability (HRV) and
baroreflex sensitivity offer non-invasive insights into vagal tone and physiological adapt-
ability, correlating strongly with disease outcomes [142]. Although microneurography
remains the most precise method for assessing sympathetic activity, its invasiveness limits
its clinical use [143]. Emerging tools now focus on combining wearable biosensors with
cytokine profiling, enabling dynamic, real-time assessment of neuroimmune dysfunction
for personalized therapeutic adaptation.

6.2. Genetic and Molecular Insights into Neuro-Immune Susceptibility

Genetic variations play a substantial role in determining individual susceptibility to
neuro-immune dysfunction and therapeutic responsiveness in cardiomyopathy patients.
LMNA mutations increase susceptibility to inflammation, elevating interleukin 6, tumor
necrosis factor alpha, and macrophage infiltration, even in early disease stages [144]. These
mutations disrupt nuclear envelope integrity, activating the cGAS-STING pathway and
type I interferon responses, which promote cardiac inflammation [145]. Truncating variants
in TTN impair calcium handling and mitochondrial function, thereby activating the NLRP3
inflammasome and driving fibrosis [146]. Polymorphisms in adrenergic receptors modu-
late sympathetic responsiveness, influencing arrhythmia risk and clinical outcomes [147].
Epigenetic regulators, such as microRNAs 155, 21, and 223, influence macrophage polar-
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ization and neurogenic inflammation, with microRNA 155 regulating sympathetic remod-
elling [148]. Single-cell RNA sequencing has revealed distinct inflammatory macrophage
populations in genetic cardiomyopathy [149]. The integration of polygenic risk scores with
autonomic function and inflammatory biomarkers enables personalized risk stratification
and targeted neuroimmune therapies. Harnessing genetic and molecular insights can help
delineate distinct neuroimmune phenotypes and identify actionable therapeutic targets.

6.3. Sex Based Considerations

Sex differences profoundly affect the risk, progression, and therapeutic response
of cardiomyopathy through distinct immune and autonomic profiles in patients with
cardiomyopathy. Females typically exhibit stronger humoral and T helper 1 immune
responses, predisposing them to autoimmune myocarditis, whereas males display higher
sympathetic tone and increased susceptibility to arrhythmias [150]. Female patients with
hypertrophic cardiomyopathy demonstrate better survival but increased heart failure
symptoms, reflecting divergent neuroimmune adaptations [151]. The predominance of
females with Takotsubo cardiomyopathy is mechanistically linked to estrogen withdrawal
and altered limbic autonomic regulation [152]. Estrogen receptor beta signaling enhances
parasympathetic tone and suppresses nuclear factor kappa B-mediated inflammation,
providing cardio protection [153]. In contrast, testosterone promotes pro-inflammatory
responses and oxidative stress, accelerating cardiac remodelling in men [154].

6.4. Inflammatory Cardiomyopathy as a Spectrum of Immune and Neural Dysfunction

Inflammatory cardiomyopathies, including viral myocarditis, cardiac sarcoidosis,
eosinophilic myocarditis, and peripartum cardiomyopathy, share common features of
immune infiltration, dysregulated cytokine networks, and autonomic impairment. Vi-
ral myocarditis is characterized by T helper 1 and T helper 17 immune dominance with
elevated interferon gamma, interleukin 17, and interleukin 1 beta levels that damage
parasympathetic nerves [155]. Cardiac sarcoidosis involves granulomatous infiltration
preferentially affecting conduction tissues, resulting in arrhythmias driven by macrophage-
derived interleukin 12, interleukin 18, and tumor necrosis factor alpha-mediated sym-
pathetic activation [156]. Peripartum cardiomyopathy, affecting one in one thousand to
four thousand pregnancies, involves oxidative stress-induced cytokine activation, notably
cleaved prolactin fragments that promote endothelial dysfunction and cardiomyocyte apop-
tosis [157]. These patients show elevated sympathetic drive and reduced parasympathetic
function with autonomic status correlating with recovery potential.

Therapeutic strategies increasingly target both immune dysregulation and autonomic
imbalance. For instance, bromocriptine modulates prolactin in peripartum cardiomyopa-
thy alongside immunosuppressive therapy, while cardiac sarcoidosis treatment combines
immunosuppression with autonomic support. Addressing both inflammation and neural
remodelling is essential to optimize clinical outcomes. Table 3 summarizes the neuroim-
mune signatures across cardiomyopathy types, highlighting the differences in sympathetic
tone, cytokine expression, and autonomic dysfunction.

Table 3. Comparative Immuno-Neural Features Across Cardiomyopathy Types.

Feature Dilated CM Hypertrophic CM Takotsubo CM Arrhythmogenic CM

Sympathetic
Activity [5] Chronic elevation Enhanced

responsiveness
Acute catecholamine

storm
Exercise-induced

elevation

Vagal Function [25] Severely impaired Moderately reduced Acutely suppressed Progressive decline

Primary Inflammatory
Cytokines [8,87] TNF-α, IL-6, IL-1β IL-6, TGF-β IL-1β, IL-6, TNF-α TNF-α, IL-1β, IFN-γ
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Table 3. Cont.

Feature Dilated CM Hypertrophic CM Takotsubo CM Arrhythmogenic CM

Inflammatory Cell
Types [8,87] Macrophages, T-cells Macrophages,

Fibroblasts
Neutrophils,
Macrophages

T-lymphocytes,
Macrophages

HRV Pattern [5,25] Globally reduced Selectively impaired Acutely suppressed Progressively reduced

Baroreflex
Sensitivity [5] Markedly impaired Moderately impaired Acutely impaired Variable impairment

Neuroinflammation [5,8] Chronic activation Metabolic
inflammation Acute activation Exercise-induced

DAMP Release [8] Chronic, progressive Moderate, steady Acute, massive Episodic,
exercise-related

Complement
Activation [87] Moderate to high Low to moderate High, acute Moderate, chronic

Therapeutic
Targets [8,80]

VNS, anti-IL-6,
β-blockers Anti-fibrotic, metabolic

Stress management,
acute

anti-inflammatory

Exercise restriction,
anti-inflammatory

Biomarker Profile [5,8] *↑ TNF-α, *↑ IL-6, #↓
HRV

*↑ Galectin-3, *↑ TGF-β *↑ Catecholamines, *↑
Troponin

*↑ Inflammatory
markers with exercise

Prognosis
Modifiers [5,25]

Vagal function,
inflammation

Metabolic status,
fibrosis

Stress management,
recurrence risk

Exercise patterns,
inflammation

*↑ denotes upregulation; #↓ denotes upregulation.

7. Conclusions
The neuroimmune axis is no longer a peripheral player in cardiomyopathy but a central

determinant of disease progression, therapeutic resistance, and clinical outcomes. Auto-
nomic dysfunction and immune dysregulation are not isolated phenomena but constitute an
interwoven pathological network spanning all cardiomyopathy phenotypes. Sympathetic
hyperactivation perpetuates chronic inflammation, whereas parasympathetic withdrawal
dismantles endogenous anti-inflammatory control, fostering a self-sustaining cycle of car-
diac injury. Conventional therapies targeting these systems in isolation are increasingly
ineffective. Novel approaches, such as selective cytokine blockade and bioelectronic neuro-
modulation, are redefining the therapeutic landscape by modulating immune activity via
the nervous system. In parallel, integrative omics platforms and real-time neuroimmune
monitoring enhance patient stratification and enable dynamic treatment adaptations.

To fundamentally shift the trajectory of cardiomyopathy, future strategies must address
inflammasome activation, autonomic remodelling, and metabolic immune crosstalk in
a synchronized and personalized manner. The convergence of bioelectronic medicine,
immunotherapy, and systems-level diagnostics holds the potential to not only delay disease
progression but also restore physiological homeostasis. Emerging technologies, such
as adaptive neuro-modulatory devices guided by immune biomarkers and single-cell
immune profiling for individualized circuit mapping, may finally bridge the gap between
mechanistic insight and clinical translation, transforming heart failure care from reactive
to precisely anticipatory. This new framework positions the neuroimmune axis not as an
accessory, but as a central node of pathogenesis and an essential therapeutic target in the
future of cardiomyopathy care.
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