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Abstract

between cancer and neurons.

implications

The activity of neurons in the vicinity of tumors is linked to a spectrum of cellular mechanisms, including the facili-
tation of tumor cell proliferation, synapse formation, angiogenesis, and macrophage polarization. This review
consolidates the current understanding of neuro-oncological regulation, underscoring the nuanced interplay
between neurological and oncological processes (termed as Cancer-Neuroscience). First, we elucidated how the nerv-
ous system accelerates tumor growth, metastasis, and the tumor microenvironment both directly and indirectly
through the action of signaling molecules. Importantly, neural activity is also implicated in modulating the efficacy
of therapeutic interventions, including immunotherapy. On the contrary, the nervous system potentially has a sup-
pressive effect on tumorigenesis, further underscoring a dual-edged role of neurons in cancer progression. Con-
sequently, targeting specific signaling molecules within neuro-oncological regulatory pathways could potentially
suppress tumor development. Future research is poised to explore the intricate mechanisms governing neuro-tumor
interactions more deeply, while concurrently refining treatment strategies for tumors by targeting the crosstalk
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Introduction

The nervous system regulates the activities of various
organs and systems, transmitting information that facili-
tates the body’s response to environmental changes, thus
maintaining homeostasis. Recent studies have identi-
fied a correlation between increased neural density
within tumors and enhanced invasiveness [1-3]. Further
research is gradually elucidating the distinct biological
roles that nerves play in tumor dynamics [4, 5].

The investigation into the nervous system’s regulation
of tumors has evolved over time. In ancient Greek litera-
ture, tumors were termed "karkinos," a term that reflects
early perceptions that did not systematically acknowl-
edge the nervous system’s significance in tumor biol-
ogy. In 1889, Stephen Paget proposed the "seed and soil"
hypothesis [6], which laid an early theoretical foundation
for tumor microenvironment (TME) research. By the
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twentieth century, the tumor microenvironment theory
had been formally established, shifting the understand-
ing of tumor biology and recognizing the crucial role of
the TME in tumor evolution [7]. Previously, nerves were
thought to exist only in areas outside primary tumors,
such as ganglia, leading to a greater emphasis on immune
remodeling and angiogenesis within the TME[S, 9].

In this review, we synthesize current knowledge on
neuro-oncological regulation, detailing how nerves
influence tumor cells both directly and indirectly
through the secretion of signaling molecules, includ-
ing neurotransmitters and neurotrophic factors. These
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factors promote tumor proliferation [10] and metasta-
sis [11], as well as enhance peripheral immune remod-
eling and increase angiogenesis [12] (Fig. 1). Although
blocking neuroregulatory signals has been shown to
inhibit tumor growth in various cancers, such as glio-
mas [13], prostate cancer [14], and ovarian cancer [15],
the precise mechanisms by which nerves influence
tumor progression remain inadequately understood. In
addition, we have also observed that stimulating nerve
activity in some tumors may exhibit anti-tumor effects,
offering a broader perspective for neuro-oncological
therapy. The purpose of this review is to integrate these
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Fig. 1 Specific aspects of neuro-oncology regulation: A Neural activity regulates the differentiation direction of neural stem cells and promotes
the proliferation of cancer cells by non-synaptically secreting neurotransmitters such as glutamate. B Neural activity can facilitate the metastasis

of cancer cells. Breast cancer cells that have metastasized to the brain can replace astrocytes and surround normal nerve synapses, receive
glutamate released from the presynaptic membrane, and activate the NMDAR signaling to promote the growth of tumors at the metastatic

sites. C Interaction between nerves and tumors: Tumor cells can secrete signals such as BDNF and NGF to promote nerve growth

into the microenvironment. Meanwhile, nerves can secrete neurotransmitters to promote tumor growth. D Anti-tumor effect of nerves: Nerves

can inhibit tumors by reducing tumor growth and neovascularization. E Immunological remodeling of the tumor microenvironment by nerves:
Nerves can regulate the differentiation of macrophages into the M2 type and have a pro-inflammatory effect. It increases the exhaustion of CD8+T
cells and creates an immunosuppressive microenvironment. F Nerves promote angiogenesis in the tumor microenvironment. Catecholamine
stimulation can regulate vascular endothelial growth factor (VEGF) gene expression through (3-adrenergic receptors. Original figure created

with BioRender.com



Zhang et al. Molecular Cancer (2025) 24:44

findings and guide future research and treatment, add-
ing new avenues for treating tumors.

Neuronal influence on cancer cell biology

Although it is well-established that nerves exert a regu-
latory effect on tumors—such as guiding tumor migra-
tion along neural pathway [16], the specific mechanisms
through which nerves influence tumor cells in the inter-
action between the nervous system and tumor cells
remain inadequately defined. Current research suggests
that cancer cells may exhibit neuro-oncological addic-
tion [17], with Fu Yan et al. providing important evidence
for the neural regulation of cholangiocarcinoma [18].
Nerves not only promote the initiation and progression
of tumors but also interact with them to create a positive
feedback loop that continually facilitates tumor evolu-
tion. Furthermore, within the intricate interplay between
nerves and tumors, nerves can also play an anti-tumor
role under certain conditions [19].

Neuronal regulation of cancer growth and metastasis

The interaction between the nervous system and malig-
nant tumors is highly complex. Current research indi-
cates that in malignancies such as brain cancer, skin
cancer, prostate cancer, and pancreatic cancer, neural
activity can promote tumor cell proliferation and migra-
tion while also regulating their differentiation [20, 21]. In
the context of tumors, cancer cells can secrete signaling
molecules such as BDNFE. BDNF binds to the tropomyo-
sin receptor kinase B (TrkB) receptor, activating down-
stream MAPK signaling and transcription factors like
FOS, which promote chromatin accessibility [22]. This
facilitates neuronal differentiation and activates neurode-
velopment-related signaling pathways [23]. Additionally,
neuronal growth further secretes signaling molecules
that promote tumor progression.

Gliomas, which arise from glial cells—supporting cells
of the central nervous system—interact closely and com-
plexly with both normal neural cells and other compo-
nents of the nervous system, such as glial cells and blood
vessels [24]. Consequently, gliomas, particularly glioblas-
tomas, serve as a key model for studying how the nerv-
ous system contributes to tumor growth [25]. Thus, we
focus on gliomas to illustrate the pro-tumorigenic effects
of neural activity.

In glioblastoma (GBM), oligodendrocyte precur-
sor cells (OPCs) are proposed as one of the cellular ori-
gins [26]. Neuronal activity influences tumor growth
by secreting signaling molecules and disrupting OPCs
homeostasis [27]. Specifically, non-synaptic release of
neurotransmitters such as glutamate and y-aminobutyric
acid (GABA), maintaining neural stem cells and progeni-
tor cells in a depolarized state, influencing tumor cell
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differentiation [28]. Neurons also secrete brain-derived
neurotrophic factor (BDNF) via a paracrine mechanism,
which binds to the TrkB receptor [29]. This interac-
tion facilitates the trafficking of a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid receptors (AMPAR)
to the glioma cell membrane, leading to an increased
amplitude of glutamate-evoked currents within tumor
cells. Enhanced depolarization current amplitude aug-
ments the plasticity of tumor synaptic strength, promot-
ing glioma proliferation [30].

Additionally, the secretion of neuroligin-3 (NLGN3)
from neurons and OPCs may act as a glioma mitogen
regulated by neural activity, activating multiple onco-
genic pathways within glioma cells [31]. This includes the
phosphorylation of focal adhesion kinase (FAK) upstream
of the PI3K-mTOR pathway, as well as classic FAK down-
stream signaling cascades involving SRC kinase, the
PI3K-mTOR pathway, and the SHC-RAS-RAF-MEK-
ERK pathway. The activation also encompasses increased
phosphorylation of various integrins and growth factor
receptors [32] (Fig. 2). Neuronal activity elicits a response
in tumor cells, further stimulating the secretion of pro-
teins such as NLGNS3, establishing a positive feedback
loop that perpetuates tumor proliferation.

The phenomenon of nerves promoting tumor growth
extends beyond gliomas and has been observed in vari-
ous other cancer types. In a mouse model of prostate
cancer, the migration of DCX +neural progenitor cells
was shown to enhance cancer cell growth [33]. In patients
with head and neck squamous cell carcinoma and high-
grade serous ovarian cancer, nerve formation was found
to establish functional connections, which correlated
with poor prognosis and tumor progression[34]. Addi-
tionally, in small cell lung cancer, sympathetic nerves
activate protein kinase A signaling, thereby promoting
cancer cell proliferation [35].

Nerves not only promote tumor proliferation but also
act as physical conduits for cancer cell metastasis and
facilitate vascular and lymphatic spread. Furthermore,
nerves can enhance the invasive properties of tumor
cells through interactions with them [36, 37]. In various
malignant tumors, perineural invasion (PNI) is closely
associated with metastasis, with tumor cells infiltrating
neural tissues and propagating along nerves. In pancre-
atic cancer, cancer-associated fibroblasts (CAFs) amplify
the interaction between tumor cells and nerves by releas-
ing extracellular vesicles, which influence neural restruc-
turing and promote PNI [38].

Studies have indicated that different types of neu-
rons can regulate the development of various cancers.
Specifically, in sensory neurons, an increase in intra-
cellular calcium ions in dorsal root ganglia leads to the
release of substance P (SP). This peptide activates the
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Fig. 2 Innervation in gliomas promotes tumor growth. Neurons secrete brain-derived neurotrophic factor (BDNF), which binds to TrkB

receptor and promotes the transfer of AMPA receptor in tumor cytoplasm to cell membrane. The amplitude of glutamate-induced

current increased, and the larger depolarization amplitude promoted the proliferation of glioma cells. Neuroligin —3 (NLGN3) secreted

in an activity-dependent manner activates a variety of carcinogenic pathways in glioma cells, including the PI3K-mTOR cascade, SRC kinase cascade,
and SHC-RAS-RAF-MEK-ERK cascade. Original figure created with BioRender.com

tachykinin receptor 1 (TACR1) on cancer cells, induc-
ing apoptosis in some. The resulting dead cells release
small single-stranded RNA (ssRNA), which activates
Toll-like receptor 7 (TLR7) in neighboring cells, trig-
gering the non-canonical phosphoinositide 3-kinase
(PI3K) signaling pathway and promoting the invasion,
proliferation, and metastasis of breast cancer cells [39].

In prostate cancer, both branches of the autonomic
nervous system play complementary roles. Sympathetic
nerve fibers are crucial in the early stages of cancer
development through the activation of matrix p2 and
B3 adrenergic receptors. On the other hand, medi-
ate signals through Cholinergic receptor muscarinic
1 (CHRM1) in the matrix, primarily contributing to
tumor cell invasion, migration, and distant metastasis
[40].Furthermore, under castrate conditions, prostate
cancer cells exhibit increased activation of CHRMI1
and CHRM3 leading to enhanced resistance to treat-
ment and promoting cancer cell growth and migration

through the activation of FAK and Yes-associated pro-
tein (YAP) [38].

Interestingly, cancer cells can not only passively receive
signals emitted by neurons but also actively adapt to neu-
ronal mechanisms. By obtaining signals from synapses,
cancer cells can promote their own metastasis. Zeng et al.
discovered that breast-to-brain metastasis (B2BM) cells
form pseudo-tripartite synapses with glutamatergic neu-
rons. In this process, breast cancer brain metastasis cells
surround the synaptic cleft, replacing the role of astro-
cytes in the normal cleft. and obtain glutamate released
by presynaptic neurons to activate the N-methyl-D-
aspartate receptor (NMDAR) pathway, thereby promot-
ing breast cancer brain metastasis [41].

Similarly, Venkataramani et al. identified a specific cel-
lular subset in GBM that exists in a transcriptionally in
a neuron-like and neural progenitor cell-like state, These
cells are not connected to other tumor cells or astro-
cytes but receive synaptic input from neurons. AMPAR
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are enriched in these neuron-like, non-mesenchymal
cells, allowing them to receive glutamate released from
the presynaptic membrane. This glutamate reception
increases tumor microtubule branching, turnover, and
the average step length, significantly accelerating Levy-
like movement. As a result, this cellular subset enhances
its invasiveness by adapting to neuronal mechanisms
[42].

Nerve-cancer crosstalk

In the field of neuro-oncology, it is widely believed that
there is a significant interaction between tumors and
nerves [43]. Not only do nerves regulate the progres-
sion of tumors, but tumor cells themselves also exhibit
various neural and neurodevelopmental characteristics,
allowing them to influence the structure and function
of nerves [44]. For instance, Qu et al. discovered that
tumor cells recruit glial cells into the tumor microenvi-
ronment, thereby promoting their own metastasis. In the
case of small cell lung cancer (SCLC), SCLC cells secrete
the brain development-related factor Reelin, attract-
ing astrocytes to the brain metastasis tumor area. These
astrocytes, in turn, promote the growth of SCLC cells by
releasing factors that support neuronal survival [45].

Cancer cells within tumors often exhibit phenotypic
heterogeneity, with the ability to regulate and revers-
ibly switch between different states that confer distinct
tumor-promoting capabilities [46]. This phenotypic plas-
ticity allows tumor cells to adapt to the evolving TME
and escape therapeutic interventions. Notably, Cancer
cells share regulatory networks with embryonic nerve
cells, and the use of epigenetic drugs that inhibit tumo-
rigenesis (such as EZH2i, HDAC1i, HDAC3i, LSD1i, and
DNMT1i) can induce neuronal-like differentiation of
cancer cells[34]. In prostate cancer, basal cells are par-
ticularly enriched in genes associated with neurogenesis.
These primary basal cells, when cultured in vitro can
spontaneously or be induced to transform into nerve-
like cells, thereby engaging in neural signal responses.
This characteristic is associated with aggressive prostate
cancer [47]. Moreover, there is growing evidence of syn-
aptic communication between neurons and cancer cells.
For instance, pseudo-tripartite synapses formed between
breast cancer brain metastasis cells and neurons facilitate
signal transmission. Similarly, malignant glioma cells can
achieve synaptic electrical integration with neurons, ena-
bling efficient signal exchange that may promote tumor
growth and invasiveness [41].

In the central nervous system, signals secreted by brain
tumors such as gliomas can induce abnormal synapse
formation, enhance neuronal excitability, and contribute
to the onset of epileptic seizures [48]. In the peripheral
nervous system, tumor cells can induce axon genesis and
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invade nerve fibers, resulting in remodeling of periph-
eral neural circuits and the development of chronic pain
syndromes [49]. Furthermore, neuronal activity has been
shown to promote tumor proliferation in a circuit-spe-
cific manner. Tumors can also modulate neural activity
by disrupting inhibitory interneurons, altering synap-
togenesis [48].

Tumors driven by PIK3CA variants C420R and H1047R
can exhibit selective network overexcitation and altera-
tions in synaptic components during the early stages of
tumorigenesis. These changes include an increase in
excitatory synapses, a decrease in inhibitory synapses,
and alterations in the synaptic gene cluster [50]. The bidi-
rectional communication between neurons and tumor
cells can form a positive feedback loop. Tumor cells
release neurotrophic factors, such as Nerve growth factor
(NGF) and BNDF, which attract nerve fibers to invade the
tumor microenvironment. In turn, the neurotransmitters
released by these nerve fibers stimulate the growth and
metastasis of tumor cells [51].

In a low-glucose environment, cancer cells promote the
production of calcitonin gene-related peptide (CGRP) by
nociceptive nerves through the secretion of NGE. This
neurogenic CGRP mediates the growth-promoting effect
of nociceptive nerves on cancer cells [52]. Taking malig-
nant glioma as an example, glutamate receptor genes and
postsynaptic structural genes are widely expressed in
tumor cells, and it has been shown that NLGN3 plays a
role in glioma synapse formation, and some glioma cells
exhibit long-term electrophysiological response to neu-
ronal activity [53].

Anti-tumor effects of nerves

The nervous system’s involvement in tumor development
is intricate and multifaceted. It is not the case that all
neural connections invariably stimulate the proliferation
of all types of tumors. Rather, the nervous system impacts
various tumors in distinct ways, both by directly affecting
the tumor cells and by altering their surrounding micro-
environment. Interestingly, in certain instances, neural
activity has been observed to exert an anti-tumor effect,
a phenomenon that has been documented in aggres-
sive malignancies such as pancreatic and breast cancers.
Activating sensory neurons can inhibit the development
of melanoma, specifically manifested as reducing tumor
growth and neovascularization, increasing tumor-infil-
trating anti-tumor lymphocytes, and simultaneously
reducing immunosuppressive cells [54].

In the progression of breast cancer, the parasym-
pathetic nerve can enhance anti-tumor immunity by
increasing the expression of interferon— y (IFN — y) on
CD4+and CD8+ tumor-infiltrating lymphocytes (TILs).
It also reduces the level of pro-inflammatory factors,
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alleviating local inflammatory infiltration, and inhibits
M2 polarization of tumor-associated macrophages [55].
The parasympathetic nerve reflex circuit describes a
mechanism in which stimulation of the parasympathetic
nerve activates a specific subset of T cells that produce
acetylcholine (Ach). These T cells regulate TNF-a pro-
duction, thereby reducing inflammation[56]. Ach recep-
tors are expressed on T cells, and muscarinic signaling
also modulates T cell proliferation [57]. Cholinergic sign-
aling, through the muscarinic receptor CHRM1, directly
and indirectly suppresses the development of pancreatic
cancer and the characteristics of cancer stem cells. In KC
mice, subdiaphragmatic vagotomy accelerates the devel-
opment of pancreatic cancer. Moreover, in both KC and
KPC mice, knockout of the CHRM1 gene results in an
increased area of pancreatic intraepithelial neoplasia,
higher tumor incidence, and shortened survival [58].

Furthermore, in an enriched environment, elevated
levels of norepinephrine (NE) and epinephrine (EPI) in
mouse serum enhance [-adrenergic receptor (B-AR)
signaling, both in tumor cells and in tumor-infiltrating
myeloid cells. Activation of B-AR signaling plays a crucial
role in reshaping the tumor microenvironment, direct-
ing it toward a state that promotes anti-tumor immunity,
thereby inhibiting tumor growth [59].

Moreover, the nervous system plays a critical role in
regulating the secretion of cytokines and peptides, which
are pivotal in cancer progression. For instance, selective
resection of splenic nerves has been shown to acceler-
ate tumorigenesis in the Azoxymethane (AOM)/Dextran
Sodium Sulfate (DSS) model [60]. splenic trefoil factor
family 2, an anti-inflammatory peptide released by mem-
ory T cells under the influence of the vagus nerve, inhib-
its the expansion of myeloid-derived suppressor cells
(MDSCs) through chemokine receptor 4 (CXCR4), thus
contributing to the anti-inflammatory reflex arc.

The nervous system regulates tumor behavior through
various signaling molecules, such as neuronal activity
or neurotransmitter secretion, which can either stimu-
late tumorigenesis, proliferation, and migration or exert
an inhibitory effect on growth in certain tumors. This
highlights the importance of developing more specific
therapeutic strategies, with an emphasis on precision
medicine, in future tumor treatments.

Nervous system and tumor microenvironment

The nervous system can both directly influence tumor
cells and indirectly modulate their development by reg-
ulating other cellular components within the TME [52].
The TME encompasses the milieu surrounding tumor
cells and exerts a significant impact on tumorigenesis,
metastasis, and the tumor’s response to therapeutic inter-
ventions [61]. Historically, TME has been characterized
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by the presence of tumor cells, a spectrum of immune
cell types, stromal cells, vascular cells, extracellular
matrix, and an array of signaling molecules. However,
recent insights suggest that the nervous system also plays
a pivotal role in this highly heterogeneous and dynamic
milieu [62-64].

The nervous system alters the TME through the secre-
tion of signaling molecules and further influences tumor
cell biological behavior by promoting immune suppres-
sion, immune remodeling [65], and angiogenesis within
the microenvironment [66]. In a reciprocal manner, can-
cer cells can secrete neurotrophic factors and exosomes,
which in turn can induce neurogenesis within the TME
[67]. Collectively, these bidirectional interactions estab-
lish a complex regulatory network, where both the nerv-
ous system and tumor cells actively shape each other’s
behavior, contributing to the dynamic and evolving
nature of the TME.

Neuroimmune crosstalk in cancer

The balance of the immune system is crucial to human
health. As it plays a vital role in recognizing and eliminat-
ing foreign pathogens, as well as monitoring and clearing
abnormal cells within the body, such as cancer cells [68].
In contrast, the nervous system is responsible for receiv-
ing, processing, integrating, and transmitting informa-
tion, thus regulating various physiological activities [69].
Although traditionally regarded as separate entities, both
neurons and glial cells in the nervous system can modu-
late immune cells within the TME [70], thereby shaping
the immune landscape and impacting therapeutic effi-
cacy [71-73].

The activation of the sympathetic nervous system
(SNS) can influence the tumor microenvironment
through direct neural innervation, hormonal regulation,
and indirect modulation [74]. This activation suppresses
immune responses, induces cell apoptosis, and facilitates
cancer cell metastasis, thereby impacting both immune
responses and cancer cell behavior through multiple
mechanisms [75].

Direct neural innervation refers to the direct entry of
SNS nerve fibers into tumor tissue, releasing neurotrans-
mitters [74]. Neurotransmitters released by nerve fibers,
such as NE, dopamine, acetylcholine, etc., can directly act
on corresponding receptors on tumor cells and immune
cells, thereby regulating immune responses. For example,
B-adrenergic signaling can inhibit T cells from secret-
ing interferon-y, affecting cellular immune function [51].
Hormonal regulation refers to the arrival of adrenaline at
tumor tissue through blood circulation [74]. Activation
of B2-ARs leads to STAT3 phosphorylation in MDSCs,
increasing their resistance to Fas/FasL-induced apop-
tosis and significantly promoting their proliferation and
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suppressive function [76]. Indirect modulation refers to
the SNS’s regulation of the physiological functions of dis-
tant tissues, indirectly affecting the tumor microenviron-
ment [74]. For instance, SNS modulates the bone marrow
microenvironment and regulates immune cell produc-
tion, thereby promoting tumor cell metastasis [77, 78].
The vagus nerve can affect tumor proliferation by inhib-
iting the SNS or indirectly inducing B-adrenergic signal-
ing, and its role in cancer varies depending on the type of
cancer [79].

Neurotransmitters and neuropeptides released by
other nerves also play an important regulatory role in
the nervous system. Since the majority of research on
the effects of neurosignaling molecules on tumors is con-
ducted in vitro or using animal models, Hou et al. sug-
gest that neuroendocrine tumors provide an appropriate
human model for investigating the role of neurotransmit-
ters. In medullary thyroid carcinoma, CGRP shapes an
immunosuppressive microenvironment[80]. Neuropep-
tides released by nociceptive receptors, such as CGRP
and SP, have regulatory effects on immune and inflam-
matory responses. CGRP can suppress inflammation by
regulating macrophage polarization and cytokine expres-
sion, and it can also directly promote the exhaustion
of cytotoxic CD8" T cells, limiting their ability to clear
melanoma [81]. SP, on the other hand, promotes T lym-
phocyte survival and the secretion of pro-inflammatory
cytokines.

Tumor-associated nerves express immune checkpoint
molecules in the tumor microenvironment, such as PD1
and PDL-1, leading to T cell suppression and promot-
ing cancer progression. Nerves dynamically regulate
the effectiveness of immunotherapy by modulating the
metabolism of the TME. NGF promotes nerve infiltra-
tion into the TME. In pancreatic cancer, Li et al. demon-
strated that nerve infiltration releases glutamate, which
enhances glycolysis in tumor cells [82]. Similarly, the
neurotransmitter 5-HT activates the PI3K/Akt/mTOR
signaling pathway, driving metabolic reprogramming
and significantly promoting glycolysis in non-small cell
lung cancer. This metabolic reprogramming exacer-
bates immune suppression within the TME. Notably,
neutralizing 5-HT-mediated tumor immune metabolic
reprogramming in mice improves the efficacy of PD-1
monoclonal antibody therapy [83].

Neural signaling in tumor angiogenesis

The vascular system supplies essential oxygen and nutri-
ents to neuronal cells while aiding in the clearance of
metabolic waste. Neuronal activity governs the constric-
tion or dilation of blood vessels. Anatomically, nerves
and blood vessels often run in parallel[84], forming neu-
rovascular bundles to meet each other’s mutual demands.
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In the tumor microenvironment, neuro-derived signals
activate signaling pathways that promote the production
of pro-angiogenic factors within the tumor microenvi-
ronment [85].

Neuronal axons can guide the differentiation and pat-
terning of arteries, and smooth muscle cells surround-
ing arteries release factors that can also guide neuronal
growth[86]. Sympathetic nerve terminals release NE
to stimulate the ADRB2 receptors on endothelial cells,
inhibit oxidative phosphorylation, and promote aerobic
glycolysis, upon which endothelial cells rely for angio-
genesis [51]. In prostate cancer, the absence of ADRB2
leads to enhanced oxidative phosphorylation in endothe-
lial cells, increased glucose uptake, and changes in mito-
chondrial gene expression, such as increased expression
of CoA6. In in vivo experiments, co-transplantation of
CoA6-overexpressing endothelial cells with PC-3 pros-
tate cancer cells significantly inhibits angiogenesis and
tumor growth[87]. Under chronic stress, ADRB2 can reg-
ulate vascular endothelial growth factor (VEGF) expres-
sion through the cAMP-PKA signaling pathway, and
stress-induced VEGF protein and mRNA are significantly
elevated within tumor tissues [88].

Sympathetic nerves can also indirectly affect tumor
angiogenesis by modulating the activity of immune cells.
For instance, macrophage infiltration in the tumor micro-
environment can be activated by sympathetic signals to
release various angiogenic factors, including VEGEF, and
provide channels for endothelial cell migration [51].
Neurotransmitters, NGF [89], BDNE, angiogenin, fibro-
blast growth factor, tumor necrosis factor-alpha, and
transforming growth factor-beta are among the signal-
ing molecules that can regulate tumor angiogenesis [90].
The BDNF/TrkB system is crucial for tumor angiogenesis
and growth and may serve as a potential target for anti-
angiogenic therapy in Hepatocellular carcinoma [91, 92].
The intricate interplay between nerves and blood vessels
forms a complex network, highlighting the therapeutic
potential of targeting neuro-mediated pathways as an
innovative strategy for regulating tumor angiogenesis
and, consequently, tumor proliferation.

Therapeutic implications

In the 1960s, vagotomy was first used to treat benign
gastric ulcers, and later this technique was applied to the
treatment of early gastric cancer. Vagotomy suppresses
the Wnt signaling pathway in gastric cancer, reduces the
amplification of stem cells, and significantly decreases
the incidence and progression of gastric cancer. How-
ever, due to the limitations of gastric cancer metastasis
models, the impact of nerve dissection on other organs
is not yet determinable[93]. As our understanding of the
role of nerves in regulating tumor behavior within the
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tumor microenvironment deepens, the means of treating
tumors are also continuously evolving. Nerves can affect
cancer cells in two ways: one is by directly affecting the
biological activities of tumor cells [41], and the other is
indirectly by affecting other cells within the tumor micro-
environment [80]. Moreover, some cancer cells can uti-
lize nerves to obtain nutrients, and certain nerve signals
can directly induce anti-apoptotic changes in cancer cells
[74]. Therefore, developing targeted therapeutic strate-
gies that can block the neuro-tumor regulatory process,
targeting the neurotransmitters and signaling pathways
involved in these regulatory processes, seems very prom-
ising[94, 95] (Fig. 3). Numerous clinical trials are cur-
rently underway targeting the blockade of these pathways
(Table 1).

Inhibit nerve action on tumor cells

The expression of glutamate receptors and genes related
to postsynaptic structures are widely present in cancer
cells, and neural activity secretes signals, which stimulate
tumor progression. Therefore, targeting the direct inter-
action between nerves and tumors is also a promising
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direction for development. In the previously mentioned
pseudo-tripartite synapse formation in brain meta-
static breast cancer, mice with knocked-down NMDAR
GluN2B subunits exhibited significantly longer survival
without brain metastasis and lower brain metastasis bur-
den compared to non-knockdown mice, which is sup-
ported by relevant data from the TCGA database [41].
NGF serves as a key signaling molecule in the positive
feedback loop of neuro-oncological regulation. Thus,
blocking neurotrophic factors or their receptors could
represent a new therapeutic direction [96]. Cholinergic
stimulation of gastric epithelium induces the expression
of NGF, and in turn, the overexpression of NGF within
gastric epithelium expands intestinal nerves and pro-
motes carcinogenesis. Hayakawa et al. found that block-
ing NGF/Trk signaling in an CHRM3-dependent manner
inhibits epithelial cell proliferation and tumorigenesis
[97]. Meanwhile, Zhang et al. also pointed out that tar-
geting NGF to block neurogenesis provides a new direc-
tion for many cancers, such as pancreatic cancer[98].
TrkB is the primary receptor for BDNF, and in nude
mice, co-expression of TrkB/BDNF can cause tumor

Inhibit NGF

Promote tumor
growth

Adrenergic
Stress

/ . :’13=--
Diminishing the

effectiveness of Anti-PD-L1

treatment +

o

B-adrenergic Blocker

Fig. 3 Several example mechanisms of therapeutic avenues of cancer neuroscience: A Inhibit of ADAM10/NLGN3 can suppress glioma growth
by targeting its downstream PI3K-mTOR signaling pathway. B Neurosecretion-derived BDNF promotes tumor metastasis by binding to the TrkB
receptor. Inhibition of BDNF-TrkB binding can suppress tumor metastasis. C Blocking the NGF-mediated neuro-tumor positive feedback loop.

D Inhibiting sympathetic nerve signaling can mitigate the immunosuppressive microenvironment of the tumor. E The combination of 3-blockers
and immunosuppressants can augment the anti-tumor efficacy of anti-PD-L1 therapy. NLGN3 =Neuroligin-3. BDNF = brain derived neurotrophic
factor. NGF =nerve growth factor. Original figure created with BioRender.com
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systemic metastasis by inhibiting the physiological bar-
rier to metastasis, anoikis, and activating the PI3K/PKB
signaling pathway. Therefore, we speculate that TrkB-tar-
geted therapy may have therapeutic potential for human
tumors that overexpress or have mutations in TrkB [99].

NLGNS3 is a key protein involved in the formation
of synapses in gliomas. In this process, it is secreted
from neurons and oligodendrocyte precursor cells [32].
ADAMI0, as a key enzyme, is involved in the secre-
tion process of NLGN3, making targeting ADAMI10 or
NLGN3 a new therapeutic direction. ADAMI10 inhibi-
tors, such as INCB7839, can inhibit the secretion of
NLGN3 from tumor cells, thereby blocking the signal
transmission between neurons and tumor cells and effec-
tively preventing the growth of high-grade gliomas xeno-
grafts. Pan et al. found that in optic gliomas, mutations
in NF1 in retinal neurons lead to an abnormal increase
in NLGN3 shedding in the optic nerve and correspond-
ingly increased retinal neuron activity. Genetic NLGN3
deficiency or pharmacological inhibition of NLGN3
shedding can prevent the formation and progression of
NF1-OPG [100].

Dopamine and dopamine receptor 2 (DRD2), are over-
expressed in clinical GBM specimens. DRD can promote
cell proliferation through the GNAI2/Rapl/Ras/ERK
signaling axis, and its antagonists can inhibit tumor cell
growth [101]. Cancer neuroscientists have enhanced our
understanding of the mechanisms of tumor-neuron-glial
interactions, making molecular targeted strategies prom-
ising for clinical impact. In the future, new materials and
other means can be used to target the modulation of
neuro-oncological interactions to alleviate cancer recur-
rence and progression [94, 102].

Targeted regulation of the tumor microenvironment

The tumor microenvironment plays a role analogous to
soil in tumor dissemination [103], and the nervous sys-
tem regulates it by stimulating endothelial cells, immune
cells, and so on. Studies have shown that mental stress
and stress can promote tumor growth [104, 105]. Sarkar
et al. found that reducing systemic stress through trans-
plantation of neurons producing beta-endorphin can
activate innate immunity, regulate the ratio of pro-
inflammatory to anti-inflammatory cytokines, thereby
inhibiting the development of cancer [106].

Drugs targeting neurotransmitters and their receptors
also show potential clinical significance in cancer treat-
ment [107]. For instance, Zhao et al. discovered that
using atenolol to block adrenergic beta receptors can
prevent T-cell exhaustion, enhance T-cell function, and
when used in combination with immune checkpoint
blockade, it provides a new strategy for cancer immuno-
therapy[108]. In the treatment of anti-PD-L1 checkpoint

Page 10 of 14

immunotherapy combined with radiotherapy, adrenergic
stress interferes with the therapeutic effect, and the use
of beta-blockers can overcome this interference [109].

Concurrently, Chang et al also found that when
using anthracycline chemotherapy drugs, these drugs
increase sympathetic nerve signal activity, affecting the
tumor microenvironment, and thus the use of beta-
receptor blockers can enhance the therapeutic effect of
chemotherapy drugs [110]. Currently, many clinical tri-
als of beta-receptor antagonists combined with other
therapies for the treatment of cancer are underway
(Table 1). In addition to beta-receptors, the receptor for
another neurotransmitter, 5-hydroxytryptamine (5-HT),
5-hydroxytryptamine receptor 2B (HTR2B), is signifi-
cantly upregulated in human gastric adenocarcinoma
tissue. In a subcutaneous xenograft model, both HTR2B
gene silencing and treatment with the HTR2B antagonist
SB204741 can significantly reduce gastric tumor burden
[111].

Furthermore, tumors can also regulate their own sur-
vival environment by affecting nerves. Under hypoxic
conditions, gliomas produce high levels of glutamate to
stimulate local neuronal activity, and neuronal secretion
of exosomes promotes the M2 polarization of microglia.
The use of the anti-epileptic drug levetiracetam can block
the activation of neurons in GBM, inhibiting tumor pro-
gression [112]. These findings further confirm the role of
the nervous system in tumor development and the poten-
tial importance of neurotransmitters and their receptors
in cancer treatment.

Conclusion remarks and future directions
Neuro-oncology introduces a novel regulatory paradigm
where the nervous system, while sensing the physiologi-
cal state of the body, also participates in the progression
of diseases under pathological conditions such as cancer.
Neural activity can influence the behavior of immune
cells, promote vascular formation, and enhance glycolysis
within the TME, all of which provide a more conducive
environment for tumor survival.

Furthermore, cancer cells themselves promote their
spread by affecting neurogenesis. The discoveries in this
emerging field have not only made us aware of the regula-
tory role of the nervous system on tumors but also led us
to consider that we might be able to use the tumor’s reg-
ulatory effects on the nervous system to further under-
stand activities such as neural plasticity. Consequently,
various drugs targeting the neuro-oncological interac-
tion pathways are currently being developed for cancer
treatment, and the reshaping of the tumor microenvi-
ronment by the nervous system can be combined with
immunotherapy.
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Numerous therapeutic strategies are currently under-
going clinical trials, marking a significant advancement
in cancer treatment. However, the field of neuro-onco-
logical regulation still faces certain challenges. One major
limitation is the unintended disruption of normal neu-
ral signaling caused by drugs designed to inhibit neural
secretion. The inhibitors of neural signaling result in neu-
rological disorders, including peripheral sensory abnor-
malities and focal mononeuropathy induced by anti-NGF
antibodies. Additionally, joint-related adverse events may
occur[113]. BDNF and its receptor, TrkB, play a crucial
role in alleviating anxiety and depression; inhibition of
BDNF can trigger mood disorders. This underscores the
need for more precise and sophisticated approaches to
selectively modulate the nervous system’s involvement in
tumor biology while preserving the integrity of healthy
neural functions [114]. Additionally, since tumors can
promote neurogenesis and increase the excitability of the
nervous system, they can also lead to neurological dis-
orders such as epilepsy [48]. How to control the condi-
tion through neural regulatory means is also a question
we should consider. Given the important role of neural
signals in various cellular processes, it is crucial to thor-
oughly investigate the potential mechanisms underlying
changes in tumor behavior mediated by neural activity in
future research work. Current nanoparticle-based drug
delivery systems enhance drug stability and targeting effi-
ciency, with the potential to overcome biological barriers,
including the blood—brain barrier [115]. Perhaps in the
future, we can use new-generation materials to more pre-
cisely deliver drugs to the tumor microenvironment and
control the range of action [114].

Considering the complex and diverse interactions
between nerves and tumors, it is necessary to further
understand the detailed roles of different nerves in vari-
ous tumors and establish more accurate models. This
will not only deepen our theoretical understanding but
also offer valuable insights for improving the treatment
of tumors and addressing neurological disorders in the
future.
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