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Abstract 

Recent advances in neuro-oncology fundamentally challenge the traditional view of cancer as 
anarchic cellular proliferation, independent of physiological regulation. This review synthesizes the 
compelling evidence for bidirectional communication between the autonomic nervous system and 
cancer. Current research reveals that tumors are not isolated masses but complex biological systems 
integrated with neural networks. They actively recruit nerve fibers through neurotrophin release, 
generate neurons from cancer stem cells, and establish functional synaptic-like connections with the 
nervous system. The sympathetic branch consistently exploits this neuro-integration to promote 
oncogenesis across multiple cancer types. Norepinephrine and epinephrine released from its 
terminals enhance tumor cell proliferation, angiogenesis, and metastatic dissemination while 
suppressing anti-tumor immunity. β2-adrenergic receptor signaling, via the activation of cAMP-PKA 
pathways, serves as a key mediator of these effects. In contrast, the parasympathetic system displays 
a more nuanced, organ-specific role. Cholinergic signaling through muscarinic receptors can 
accelerate progression in gastric, pancreatic, and colorectal cancers by promoting stemness and 
proliferation. Conversely, parasympathetic activity may suppress tumor growth and metastasis in 
contexts like breast cancer and certain gastrointestinal malignancies, primarily through 
immunomodulatory mechanisms. This neurobiological framework reconceptualizes tumors as 
“neuro-integrated organs” that actively shape and exploit host neural architecture. Understanding 
this interplay repositions the nervous system from a passive bystander to a central and ultimately 
targetable regulator of oncogenesis. This review provides a narrative synthesis of current literature 
examining the interplay between the autonomic nervous system and cancer. Our approach involved 
a targeted survey of recent experimental and clinical studies covering key domains such as tumor 
innervation, sympathetic and parasympathetic regulation, adrenergic and cholinergic signaling, and 
neuroimmune interactions. Emphasis was placed on extracting mechanistic insights and identifying 
translational opportunities for therapeutic modulation. The resulting synthesis provides a conceptual 
framework for viewing cancer as a neurobiologically integrated disease process. 

Keywords: autonomic nervous system; sympathetic; parasympathetic; adrenergic; cholinergic; 
tumor neurobiology; cancer; oncogenesis; local anesthetics 

 

Introduction 

Nerve-Tumor Interaction: A Conceptual Shift 

The perception of the nerve-tumor relationship has undergone a profound transformation. For 
decades, it was viewed through the narrow lens of perineural invasion (PNI), where nerves served 
as mere structural conduits for migrating cancer cells [1,2]. This simplistic model has given way to a 
far more complex reality: a dynamic, bidirectional interplay where the nervous system acts as an 
active collaborator in tumor development. Cancer cells co-opt neural mechanisms, remodel local 
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innervation, and establish feedback loops that fuel their own growth and spread [3,4]. This 
fundamental reconceptualization, which moves from viewing nerves as passive structures to active 
collaborators, is summarized in Table 1. 

This neuro-neoplastic dialogue is orchestrated through multiple mechanisms: 

• Tumor-induced axonogenesis: Cancers release neurotrophic factors, such as Nerve Growth 
Factor (NGF), to recruit peripheral nerve fibers into their microenvironment (Figure 1) [5,6]. 

• Neurotransmitter signaling: A shared language of neuroactive molecules (e.g., norepinephrine, 
acetylcholine) is used by both nerve and tumor cells to control proliferation, angiogenesis, and 
immunity [7]. 

• Synaptic-like communication: Direct, functional contacts between neurons and cancer cells 
enable rapid signal exchange [8] 

• Neural plasticity: Tumors actively reprogram local autonomic tone, bending host innervation 
to their advantage [9–11] 

Table 1. Comparison between traditional and emerging views on ANS roles in oncogenesis. 

Topic Traditional View New Evidence 

Role of the ANS in 
oncogenesis 

The ANS was considered irrelevant to 
oncogenesis; cancer was thought to result 
solely from genetic mutations and 
environmental factors. 

Modern techniques reveal dense sympathetic 
and parasympathetic innervation in various 
tumors, influencing tumor initiation and 
progression.²⁵,⁵²,²⁹,³³,¹⁷,⁵³,⁵⁴ 

Role of nerve fibers in 
tumors 

Nerve fibers were seen as passive targets 
of tumor invasion (perineural invasion). 

PNI is now recognized as an active 
mechanism of tumor dissemination, with 
nerve-derived signals enhancing cancer cell 
migration.⁵⁵,²⁵,⁵²,²⁹,³³ 

Neurogenesis in the tumor 
context 

Neurogenesis was thought to occur 
exclusively in the CNS and was unrelated 
to tumors. 

Tumor stem cells can differentiate into 
functional neurons and contribute to 
neoneurogenesis within the tumor 
microenvironment.¹² 

Origin of tumor-associated 
nerve fibers 

Nerve fibers in tumors were believed to 
originate only from adjacent tissues. 

Human CSCs produce functional autonomic 
neurons that integrate into the tumor stroma 
and modulate cancer progression.¹² 

Impact of the ANS on 
antitumor immunity 

Immunity was believed to be regulated 
exclusively by the immune system, with 
no neuronal contribution. 

The vagus nerve modulates immune 
response via cholinergic anti-inflammatory 
pathways; adrenergic signaling affects 
myeloid-derived cells.⁵⁵,²⁹,³³,⁴⁶,⁵⁶ 

Neurotransmitters and 
cancer 

Neurotransmitters were viewed solely as 
synaptic messengers with no role in cancer 
biology. 

Dopamine, GABA, glutamate, and serotonin 
directly influence tumor proliferation, 
immune evasion, and vascular remodeling.⁷ 

Psycho-emotional influence 
on cancer 

Stress and emotional states were 
considered psychosocial factors without 
biological relevance in cancer progression. 

Chronic stress activates the sympathetic 
system, increasing norepinephrine and 
promoting tumor growth and 
metastasis.⁴³,⁵⁷,⁵⁸,⁵⁹,⁶⁰,⁶¹,³⁵,⁶² 
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Figure 1. In the tumor microenvironment, NGF promotes sympathetic fiber growth, which releases 
norepinephrine, enhancing tumor proliferation, angiogenesis, and invasiveness. This neurotrophic-autonomic 
loop supports cancer progression. 

Beyond co-opting existing nerves, tumors demonstrate a startling capacity for self-neuralization. 
Cancer stem cells can differentiate into neuron-like cells, giving rise to de novo intratumoral 
neurogenesis.12-15 This neural mimicry extends to function: tumor cells produce their own 
neurotransmitters, directly manipulating the neuro-immune interface to forge an 
immunosuppressive, pro-survival microenvironment. The result is a self-sustaining circuit that 
integrates neural, immune, and neoplastic signaling to drive immune escape, metabolic 
reprogramming, and therapeutic resistance.¹⁶⁻²⁰ 

This new understanding reframes tumors as “neuro-integrated organs”—systems that are not 
just influenced by the host’s neural architecture but actively shape, expand, and exploit it. From this 
conceptual shift, the field of cancer neuroscience has emerged, viewing the nervous system not as a 
bystander, but as a central orchestrator of cancer’s evolution.21,22 

The Tumor as a Neuro-Integrated Organ 

We must now view the tumor as a neuro-integrated neo-organ, a system that maintains 
reciprocal connections with the host nervous system.²¹⁻²³‚¹⁷ From its earliest stages, the tumor 
establishes a continuous dialogue, building its own autonomous neural network through active nerve 
recruitment and de novo neurogenesis from cancer stem cells.⁵‚⁹‚¹²‚¹⁴‚¹⁵‚¹⁷‚²⁴ 

This innervation is functionally essential. It endows the tumor with the capacity to regulate its 
own metabolism,²⁵⁻²⁷ leverage neurotransmitter signals to promote growth and metastasis,²⁸⁻³¹ and 
architect an immunosuppressive microenvironment by hijacking neuro-immune pathways.³²⁻³⁶ The 
clinical relevance of this architecture is undeniable: higher nerve density consistently correlates with 
more aggressive disease and poorer patient survival across a range of cancers.³⁷⁻⁴¹ 

The functionality of this network is evidenced by its electrical activity, which integrates the 
tumor into host autonomic circuits and creates a state of localized dysautonomia that fuels 
malignancy. The fact that this signaling can be pharmacologically silenced to inhibit tumor 
progression—for example, with adrenergic blockers—provides definitive proof of a causal, 
functional link.⁴² 

Viewing cancer through this neurobiological lens raises profound strategic questions. Effective 
therapy may now depend on our ability to dismantle this neural scaffolding. Understanding the 
plasticity of this network is key to overcoming the challenges of recurrence and resistance. Answering 
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these questions is the central mandate of cancer neuroscience and the foundation for the next 
generation of oncologic therapies. 

ANS in Oncogenesis: Re-Envisioning a Central Regulator 

We must now re-envision the autonomic nervous system as an active orchestrator of 
oncogenesis, moving beyond a model where it is a mere background regulator. This shift integrates 
neurobiology directly into the core of cancer development, alongside genetics and inflammation, 
with neural inputs shaping virtually every hallmark of cancer, from initiation to therapy resistance 
(Figure 2). 

  
Figure 2. The interplay between the nervous system and cancer: neural input shapes tumor development by 
directly stimulating cancer cells and promoting their survival. 

The canonical mechanisms underpinning this view are now clear: sympathetic hyperactivation 
fuels the chronic inflammation that lays the groundwork for carcinogenesis, while its 
neurotransmitters directly promote tumor growth, invasion, and immune evasion.¹⁸,¹⁹,²⁰,³⁴,⁴³⁻⁴⁷ This 
established paradigm explains how systemic stressors translate into malignant progression. 

However, this view of a one-way influence is incomplete. Emerging evidence reveals a more 
complex, reciprocal relationship defined by profound neural plasticity. Tumors actively sculpt their 
own innervation, rewiring local circuits to their advantage.¹⁴,⁵⁰ Even more remarkably, they can 
achieve a degree of neural autonomy through de novo neurogenesis from resident cancer stem cells.¹² 
The culmination of this intricate local dialogue is a systemic autonomic dysregulation, clinically 
measurable through markers like Heart Rate Variability (HRV). The progressive decline of HRV in 
cancer patients provides a powerful biomarker of this deep neurobiological integration, cementing 
the ANS’s role as both a contributor to and a reporter of disease status.⁵¹ 

Sympathetic Overdrive: Fueling the Hallmarks of Cancer 

The sympathetic nervous system (SNS) is a key accomplice in malignancy, unleashing a 
sustained barrage of catecholamines into the tumor microenvironment. These mediators, 
norepinephrine and epinephrine, find their targets in β-adrenergic receptors, which are ubiquitously 
expressed on cancer cells and the surrounding stromal, endothelial, and immune cells. The ensuing 
activation of intracellular pathways provides a direct mechanism for orchestrating the fundamental 
hallmarks of cancer.⁶‚³⁴‚⁶³‚⁶⁴ 

The direct innervation of tumor tissues by sympathetic fibers makes this a highly localized and 
efficient process.⁹‚²¹‚²³‚⁶⁵‚⁶⁶ Through this pathway, β2-adrenergic receptor stimulation via the cAMP-
PKA axis can trigger devastating, tumor-specific outcomes. It can drive proliferation and induce a 
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therapy-resistant neuroendocrine phenotype in prostate cancer,⁵‚⁶⁷⁻⁶⁹ or it can fuel tumor growth by 
promoting the formation of new blood vessels through VEGF upregulation.¹⁹‚³⁰‚⁶³ 

This synergy is perhaps most evident in aggressive cancers like pancreatic adenocarcinoma. 
Here, adrenergic signaling becomes entangled with neurotrophic pathways, creating a self-
amplifying cycle of malignancy and treatment resistance.⁷⁰ This is not merely a biological curiosity; 
its clinical gravity is confirmed by the strong correlation between sympathetic nerve density and 
reduced patient survival, cementing the role of the SNS as a critical contributor to oncogenesis.⁷¹ 

The Vicious Cycle of Adrenergic Dependency 

A critical shift in our understanding is the recognition that cancer cells are not just responsive to 
adrenergic signals, but become functionally dependent on them. This dependency is architected at 
the molecular level through the upregulation of β2-adrenergic receptors (β2-AR), which are highly 
expressed in proliferative niches and at the invasive front of tumors. This positions the β2-AR as a 
requisite axis for tumor evolution and a key therapeutic vulnerability.⁷² 

This neurochemical dependency is what enables tumors to hijack the autonomic nervous 
system’s homeostatic machinery. The ANS typically relies on negative feedback to stabilize tissue 
function. However, in the tumor context, this system is rewired into a positive feedback loop, creating 
what Makale et al. (2017) term a “runaway” state of self-perpetuating pro-tumorigenic signaling. 
This runaway loop disrupts tissue equilibrium, accelerating tumor growth and metastasis by 
upregulating factors like VEGF and IL-6 while simultaneously impairing DNA repair and inhibiting 
apoptosis.⁷³ 

The power of this dysregulated circuit is evident at the cellular level. In breast cancer models, 
sustained β2-AR activation enhances proliferation, promotes resistance to treatment via MDR1 
expression,⁷⁴ and drives invasion by stimulating the formation of matrix-degrading invadopodia 
through the Src pathway.⁷⁵ This detailed mechanistic understanding reveals a clear therapeutic logic: 
if the loop can be hijacked, it can also be broken. Indeed, preclinical studies show that β-adrenergic 
blockade with propranolol can reduce tumor burden in pancreatic cancer, and that vagotomy can 
curb cholinergic-driven growth in gastric models, demonstrating that restoring feedback balance is a 
viable anti-cancer strategy.⁷³ 

Sympathetic Modulation of Breast Cancer Bone Metastasis 

The bone niche provides a fertile ground for breast cancer metastasis, a process significantly 
exacerbated by sympathetic nervous system (SNS) activity. Sympathetic neurotransmitters activate 
β-adrenergic receptors not only directly on breast cancer cells—promoting their proliferation and 
invasion—but also on the constituent cells of the bone microenvironment.⁷⁶ This signaling disrupts 
normal bone remodeling by enhancing osteoclast activity, which in turn creates osteolytic lesions and 
establishes a “metastatic vicious cycle.” Simultaneously, sympathetic stimulation fosters a pro-
tumorigenic stroma by polarizing tumor-associated macrophages (TAMs) and drives angiogenesis 
via VEGF upregulation, further facilitating tumor cell survival and dissemination. This localized 
neurobiological hijacking aligns with broader clinical observations where systemic autonomic 
dysfunction and chronic stress are correlated with worse patient outcomes, positioning the metastatic 
bone niche as a critical hub of neuro-neoplastic interaction. 

Colorectal Cancer: The Paradox of Sympathetic Signaling 

Sympathetic innervation in colorectal cancer presents a biological paradox, with its influence 
appearing to shift dramatically with disease stage. In early-stage disease, a higher density of 
sympathetic nerve fibers is associated with improved prognosis and reduced nodal metastasis. Yet, 
in advanced stages, the upregulation of β-adrenergic receptors (β2-AR) on tumor cells becomes a 
clear driver of progression, invasiveness, and dissemination. This dichotomy highlights a critical 
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distinction between nerve presence and receptor-mediated signaling, suggesting that the ultimate 
effect of the sympathetic nervous system is highly plastic and context-specific.¹⁵,¹⁰⁵ 

The Adrenergic Axis as a Driver of Liver Cancer Malignancy 

In hepatocellular carcinoma (HCC), the sympathetic nervous system (SNS) acts as a pivotal 
driver of tumor progression. The liver’s direct sympathetic innervation provides a structural conduit 
for adrenergic signals, integrating these inputs directly into the pathophysiology of HCC. This axis 
is further amplified by systemic factors like chronic stress, which, via the hypothalamic-pituitary-
adrenal (HPA) axis, elevates catecholamine secretion and compromises immune surveillance. 

At the tumor level, this sustained adrenergic signaling promotes malignancy through multiple 
mechanisms. It enhances tumor cell proliferation, upregulates pro-angiogenic factors like VEGF, and 
shapes a pro-tumorigenic microenvironment by facilitating the recruitment of tumor-associated 
macrophages. Aggressive HCC phenotypes capitalize on this pathway by upregulating β2-
adrenergic receptors, a molecular adaptation that intensifies their responsiveness to adrenergic 
stimuli and locks in a state of accelerated growth and metastatic potential.¹⁰⁷ 

Neural Colonizers: The Brain as a Source for Tumor Innervation 

The traditional boundaries of neuro-oncology have been shattered by the discovery that the 
brain itself can be a source of tumor-innervating neurons. Groundbreaking work by Mauffrey et al. 
has shown that neural progenitors from the brain’s subventricular zone (SVZ) can breach the blood-
brain barrier, migrate to prostate tumors, and differentiate into adrenergic neo-neurons. These newly 
formed neurons are not passive bystanders; they actively drive early-stage tumor growth and 
metastasis. This process represents a pathological hijacking of conserved embryonic pathways, where 
fundamental programs like neurogenesis and angiogenesis are co-opted to build and sustain a 
malignant microenvironment.⁷⁷ 

“Stress,” What Stress? Redefining Stressors in Cancer Biology 

The question posed is not whether stress influences cancer, but what we define as “stress.” The 
conventional focus has been on chronic psychoemotional distress, a recognized trigger of 
sympathetic overactivation known to promote epithelial-mesenchymal transition (EMT) and 
metastasis.⁷⁸,⁴³,⁶⁶ However, this definition is critically incomplete. It overlooks a host of powerful 
biological stressors. 

Chronic inflammatory lesions, unresolved pain, and visceral dysfunctions function as persistent 
physiological insults that hijack the very same sympathetic-autonomic reflex arcs.¹⁶ The outcome is a 
shared pathological state: a sustained catecholamine release that compromises neuroimmune 
communication and cultivates a microenvironment ripe for tumorigenesis.³⁴,⁶³,⁶⁴ Therefore, the 
answer to “What stress?” is a unified physiological state of sympathetic hyperactivity, regardless of 
its trigger. This broader definition is essential, as it implies that mitigating the biological drivers of 
sympathetic overdrive is as fundamental to cancer management as addressing its psychoemotional 
components. 

Immune Sabotage: The Sympathetic Hijacking of the Tumor Microenvironment 

Sympathetic signaling’s most insidious role in cancer may be its ability to orchestrate tumor 
escape through a comprehensive hijacking of the immune system. This occurs at the neuroimmune 
interface, where norepinephrine binds to β-adrenergic receptors ubiquitously expressed on immune 
cells, triggering a cascade that systematically dismantles anti-tumor defenses. 

The strategy is twofold: disarming protectors while recruiting collaborators. On one hand, 
adrenergic signaling directly blunts the effectiveness of innate and adaptive immunity by 
suppressing the cytotoxic functions of lymphocytes and the antigen-presenting capacity of dendritic 
cells.⁶³,⁶⁴,³⁴ On the other, it actively cultivates a treacherous microenvironment by promoting the 
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influx and pro-tumorigenic activity of myeloid-derived suppressor cells and M2-polarized 
macrophages. These cells then secrete a cocktail of immunosuppressive factors that further cripple 
cytotoxic responses and fuel angiogenesis. 

This entire subversive campaign is fueled by the systemic effects of chronic stress. The 
hypothalamic-pituitary-adrenal (HPA) axis provides a continuous supply of catecholamines and 
glucocorticoids that systemically inhibit natural killer cells and disrupt T-cell function. The outcome 
is a self-sustaining, permissive neuroimmune environment, engineered by the sympathetic nervous 
system to allow tumors not only to survive, but to thrive, metastasize, and resist therapy.³⁵,³⁶,⁴⁶,⁷⁹,⁸⁰ 

Vagal Duality: The Context-Dependent Role of Parasympathetic Signaling 

In stark contrast to the consistently pro-tumorigenic role of the sympathetic nervous system, the 
parasympathetic nervous system (PNS) exhibits a paradoxical and context-dependent influence on 
cancer. Its primary neurotransmitter, acetylcholine (ACh), acting through muscarinic receptors 
(mAChRs), can either drive or suppress tumor progression. The ultimate outcome of this signaling is 
dictated by a complex interplay of factors, including cancer type, disease stage, and the specific 
molecular and cellular composition of the tumor microenvironment. This functional duality 
necessitates a nuanced understanding of cholinergic pathways to guide the development of future 
targeted oncological therapies.¹⁸,²⁰ 

The Pro-Tumorigenic Face of Parasympathetic Signaling 

Despite its broader anti-inflammatory roles, the parasympathetic nervous system can act as a 
potent driver of malignancy in certain contexts. This pro-tumorigenic capacity is mediated by 
acetylcholine, which can have profound, context-specific effects on tumor biology. In pancreatic 
ductal adenocarcinoma, muscarinic receptor activation directly enhances cancer cell proliferation and 
stemness, two core drivers of tumorigenesis.⁸² 

This oncogenic potential can also be realized through intricate signaling within the tumor 
microenvironment. Gastric tumors, for example, can establish a feed-forward loop with cholinergic 
neurons via nerve growth factor (NGF) to accelerate their own growth.²⁸ Colorectal cancer cells take 
this a step further, creating their own autocrine cholinergic loops to ensure their survival and 
proliferation.⁸³ Collectively, these findings reveal a darker side to parasympathetic signaling, 
necessitating the development of highly selective neuromodulatory therapies capable of 
distinguishing between its protective systemic roles and its context-specific oncogenic actions. 

The Protective Shield: Vagal Tone in Cancer Suppression 

The parasympathetic nervous system presents a stark paradox in cancer biology: while 
cholinergic signaling can sometimes fuel malignancy, vagal activity itself often acts as a powerful 
brake on tumor progression. This protective role is evident in cancers like breast and pancreas, where 
intact vagal signaling promotes anti-tumor immunity and suppresses metastasis.⁵⁰,⁴⁷,⁸⁴ The 
prognostic implications are profound. Studies consistently link intact vagal integrity with improved 
cancer outcomes, while vagotomy—the surgical interruption of this pathway—is associated with 
accelerated tumor growth and diminished survival.⁸⁵ Indeed, higher vagal nerve activity has been 
shown to correlate with significantly longer overall survival across multiple cancer types, firmly 
establishing the parasympathetic tone as a critical protective factor against oncogenesis.⁸⁶,⁸⁷ 

Friend or Foe? 

So, is the autonomic nervous system a friend or a foe in the landscape of oncogenesis? The 
evidence paints a complex and dualistic picture. The sympathetic nervous system consistently 
emerges as a foe: its overactivation reliably promotes tumor proliferation, angiogenesis, immune 
evasion, and metastasis. It acts as a clear and unambiguous driver of malignancy. 
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The true complexity of the “friend or foe” question resides within the parasympathetic nervous 
system. Far from being a simple counterweight, its influence is profoundly context-dependent, 
capable of either suppressing or accelerating cancer progression depending on the tumor type, stage, 
and microenvironment, an organ-specific duality illustrated in Figure 3. Therefore, the ANS is not a 
monolithic entity but a system with one consistently pro-tumorigenic branch and one highly 
ambivalent branch. This intricate duality underscores the need for precision neuromodulation—
strategies that can inhibit the foe-like sympathetic pathways while selectively harnessing the friendly, 
protective potential of the parasympathetic system. 

Table 2. The Dualistic Role of the Autonomic Nervous System in Cancer Progression. 

Autonomic branch Functional Impact on Tumor Biology 

Sympathetic 
(Consistently the 
"Foe") 

Consistently Pro-Tumorigenic Actions: 
 
- Drives tumor cell proliferation, invasion, and metastatic spread. 
- Orchestrates an immunosuppressive microenvironment and promotes therapy 
resistance. 
- Mediates the oncogenic effects of chronic systemic stress. 

Parasympathetic 
(The "Friend and 
Foe")  

Context-Dependent Duality 
Pro-Tumorigenic Actions (“Foe”):  
- Can accelerate proliferation and invasion in specific contexts (e.g., gastric, colon, 
some pancreatic cancers). 
Anti-Tumorigenic Actions ("Friend"): 
- Can inhibit tumor growth and metastasis in other contexts (e.g., breast, certain GI 
and pancreatic cancers). 
- Enhances systemic anti-tumor immune responses. 

 
Figure 3. Organ-specific effects of the Autonomic Nervous System in cancer. 
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Neuro-Targeted Therapies: A Paradigm Shift in Cancer Treatment 

Viewing cancer through a neurobiological lens does more than add another layer of complexity; 
it unveils an entirely new class of therapeutic targets within the autonomic nervous system. The core 
principle of this approach is that the ANS is not merely an influencer of tumor growth but a master 
regulator of the microenvironment’s adaptive responses to stress, inflammation, and immune attack. 
Consequently, therapeutically restoring autonomic balance is not an ancillary strategy but a direct 
intervention into the machinery of oncogenesis. This opens a new frontier in treatment, where 
manipulating neural circuits could become as fundamental to oncology as targeting genetic 
mutations or boosting immune responses.²²,⁶³,⁸⁸ 

β-Adrenergic Blockade: Countering Sympathetic Overdrive 

Pharmacologic inhibition of sympathetic signaling is one of the most developed neuro-oncologic 
strategies. Nonselective β-blockers, such as propranolol, directly counteract the effects of chronic 
sympathetic overdrive by attenuating catecholamine-driven tumor proliferation, angiogenesis, and 
metastatic dissemination. By reducing vascular endothelial growth factor (VEGF) expression and 
limiting inflammatory cytokine release, these agents dismantle the pro-tumorigenic 
microenvironment. Clinical observations consistently suggest that β-blocker exposure correlates with 
improved survival and reduced recurrence in several malignancies, positioning them as powerful 
adjuvant modulators of oncologic therapy.⁸⁹⁻⁹¹ 

Vagal Modulation: Restoring the Cholinergic Anti-inflammatory Reflex 

Complementing the strategy of sympathetic blockade is the active enhancement of 
parasympathetic tone. The vagus nerve provides an intrinsic anti-inflammatory and 
immunoregulatory influence, and its stimulation can re-calibrate the autonomic system. By activating 
the cholinergic anti-inflammatory reflex, vagal modulation lowers systemic cytokine levels and 
reactivates cell-mediated immunity, restraining tumor progression and improving host resilience. 
However, the context-dependent duality of cholinergic signaling warrants caution. In tumors where 
this pathway is known to be pro-tumorigenic, such as in certain gastric or pancreatic cancers, 
nonspecific vagal stimulation could theoretically carry risks. This highlights the critical need to move 
beyond systemic modulation toward receptor-specific or tissue-targeted strategies. A range of 
techniques, from invasive electrical stimulation to noninvasive methods, are now under investigation 
to achieve this delicate autonomic rebalancing in cancer patients.⁴⁷‚⁵⁵‚⁹²‚⁹³⁴⁷‚⁵⁵‚⁹²‚⁹³ 

Surgical and Chemical Denervation: Dismantling Local Neural Circuits 

A more direct approach involves the targeted disruption of the tumor’s neural infrastructure. 
While context-dependent, surgical or chemical sympathectomy has suppressed tumor growth in 
multiple preclinical models by physically interrupting the local feedback loops between nerves and 
cancer cells. This denervation starves the tumor of catecholamine availability, effectively diminishing 
the neural support system that sustains its viability and growth.¹⁹‚²⁷‚⁹⁴‚⁹⁵ 

Local Anesthetics: Multi-Modal Neuroimmune Modulation 

Beyond their analgesic function, local anesthetics (LAs) are emerging as uniquely versatile 
agents, capable of disrupting the neuro-cancer axis at multiple, synergistic levels. Their most 
immediate relevance lies in their capacity to dismantle the pro-tumorigenic sympathetic framework. 
By blunting autonomic reflex pathways or through direct nerve blockade, LAs can shield the patient 
from the oncogenic consequences of the surgical stress response, a mechanism that may underpin the 
improved outcomes observed with regional versus general anesthesia in some clinical studies.⁹⁶⁻⁹⁹ 

This neuro-modulatory function, however, is only the opening chapter of a much deeper 
biological story. A compelling body of preclinical evidence has repositioned LAs as direct anti-cancer 
agents and, crucially, as potent chemosensitizers. Their actions constitute a multi-pronged assault on 
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the machinery of malignancy. They can achieve chemosensitization by disabling drug efflux pumps 
like P-glycoprotein, effectively trapping conventional therapies inside resistant cancer cells. 
Concurrently, they launch a direct attack by inducing cytotoxicity through apoptosis and by 
dismantling the cell's metastatic potential via the blockade of voltage-gated sodium channels. Finally, 
they can orchestrate a profound disruption of oncogenic signaling, interfering with core survival 
pathways like PI3K/AKT/mTOR and even enacting epigenetic reprogramming through mechanisms 
such as DNA demethylation.¹⁰⁰⁻¹⁰⁵ 

The investigation into these multi-modal actions now marks a clinical crossroads where 
mechanistic promise meets the rigor of prospective evidence. Decades of preclinical research have 
built this strong case, a foundation that now finds its first crucial clinical support in the pilot RCT by 
Alexa et al. (2023). This trial demonstrated that a perioperative lidocaine infusion alone could 
significantly curb disease recurrence in colorectal cancer, validating the systemic anti-cancer potential 
of LAs in a clinical setting.109  This study, however, illuminates a path as much as it answers a 
question. It confirms the drug's efficacy as a standalone agent but leaves the most compelling 
hypothesis—its ability to synergize with chemotherapy—untested in patients. The field is therefore 
poised at this crossroads, armed with a powerful biological rationale but still lacking the definitive, 
large-scale trial evidence required to translate this synergy into standard oncologic practice. 

The Common Challenge: From Preclinical Promise to Clinical Reality 

The therapeutic paradigm emerging from these neuro-targeted strategies—whether through 
systemic β-blockade, vagal modulation, targeted denervation, or the multi-modal action of local 
anesthetics—is as compelling as it is incomplete. These approaches collectively represent the 
therapeutic vanguard of cancer neuroscience, yet they advance on a path where profound 
mechanistic insights and promising preclinical data consistently outpace definitive clinical 
validation. Their integration into standard oncologic care, therefore, awaits the evidence that can only 
be provided by large-scale, robust randomized controlled trials. Navigating this critical translational 
journey from biological rationale to proven patient benefit is not just a scientific challenge; it is the 
defining mandate for the future of this entire field. 

Conclusions 

This review has charted a paradigm shift in our understanding of cancer, reframing the 
autonomic nervous system from a passive bystander to a central orchestrator of oncogenesis. The 
evidence compels us to view tumors as “neuro-integrated organs,” systems whose survival depends 
on a continuous dialogue with the host. This neurobiological lens clarifies the “Friend or Foe” 
paradox: the sympathetic system emerges as a consistent “foe,” driving malignancy, while the 
parasympathetic system’s role is profoundly ambivalent, acting as both “friend” and “foe” 
depending on the context. Recognizing this intricate reality is not an endpoint, but the starting point 
for a new chapter in cancer research, one defined by critical unanswered questions and a clear path 
toward a new class of therapies. 

The path forward requires us to venture beyond the established roles of adrenergic and 
cholinergic signaling. We must now ask: What are the functions of the broader neuro-modulatory 
landscape, including neuropeptides and other neuroactive molecules? Can we map the specific 
neuronal subtypes that innervate different tumors to move from broad autonomic modulation to 
precision targeting? The revolutionary discovery of a brain-tumor axis that seeds prostate cancer with 
neural progenitors demands investigation in other malignancies—is this a universal mechanism of 
neural hijacking? Answering these questions will be fundamental to truly understanding the tumor 
as a systemic, neuro-integrated entity. 

Translating this new paradigm into clinical practice is the ultimate goal and the greatest 
challenge. The immediate priority is the development of robust biomarkers, such as standardized 
measures of nerve density and Heart Rate Variability, to move the assessment of a tumor’s neural 
landscape from the laboratory to the clinic. These tools are prerequisites for designing the next 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2025 doi:10.20944/preprints202512.1318.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1318.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 16 

 

generation of clinical trials, which must be sophisticated enough to account for the context-dependent 
duality of parasympathetic signaling. While repurposing drugs like β-blockers has shown immense 
promise, the long-term vision must be the creation of novel agents that can selectively dismantle the 
neural scaffolding supporting the tumor. The emerging, multi-modal role of local anesthetics—
capable of not only blunting sympathetic input but also exerting direct anti-tumor effects—perfectly 
illustrates this new frontier, where single agents can target multiple facets of the neuro-cancer axis. 

Ultimately, this journey leads toward a new era of integrated oncology. The neural profile of a 
tumor may one day become as critical to treatment decisions as its genetic or immunological 
signature. The therapeutic goal will expand from simply killing cancer cells to actively re-calibrating 
the physiological environment that allows them to thrive. This is the path forward: to develop 
therapies that are not only more effective, but that work in concert with the body’s own neural 
regulatory systems to restore balance. 
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