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Abstract: With the emergence of the scientific research field of tumor microenvironment, the idea that tumor growth 
and propagation cannot be separated from the tumor microenvironment has become common. The autonomic ner-
vous system is involved in the whole process of growth and development of the organism, and it is undeniable that 
the tumor microenvironment is equally regulated by both the autonomic nervous system and the immune system. 
Our research focused on the cancer-nerve crosstalk process and revealed the regulatory mechanisms between the 
autonomic nervous system and prostate, gastric, pancreatic ductal and breast cancers, mainly elucidating that 
(1) the release of neurotransmitters and their receptors by autonomic nerves may be important for solid tumor 
progression, and (2) in combination with the latest targeted small molecule imaging technology, we summarized 
the biological pathways related to neurotransmitters as small molecule tracers to track solid tumor progression. 
This research focused on combining targeted small molecules and imaging techniques to observe sympathetic and 
parasympathetic processes that promote or inhibit cancer development, providing new potential therapeutic targets 
for prostate, gastric, pancreatic ductal and breast cancers. It also provided cutting-edge research evidence for the 
development of biological small molecule drugs and targeted tracers in cancer therapy.
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Introduction

Cancer is a global public disease and there is a 
dramatic increase in the incidence and mortal-
ity of cancer in humans. Nowadays, the investi-
gation of cancer is limited to the level of treat-
ment and prevention, facing the fact that the 
mechanism of interaction between cancer and 
nerves is still unclear, which will be the key for 
human to overcome the neuroscience of oncol-
ogy [1].

As a highly aggressive disease, tumors are 
manifested by their unique proliferative ability, 
resistance to the defense of the immune sys-
tem, and high adaptability to the surrounding 
environment. In recent years, scientists have 
recognized that differentiated induced pluripo-
tent stem cells (iPSC) can form a “low resis-

tance channel” tumor growth pathway by dif- 
ferentiating into neural stem cells (NSC) and 
cancer stem cells (CSC), providing a pathway for 
malignant proliferation and dissemination of 
tumors [2]. In particular, the tumor microenvi-
ronment (TME) is a key component that pro-
vides support for tumor proliferation and nerve 
growth [3]. Tumor cells release a variety of cyto-
kines and growth factors to TME to stimulate 
neuronal cell growth, such as nerve growth  
factor (NGF), brain-derived neurotrophic factor 
(BDNF), axon guidance molecules, neurotrophic 
factor 3 (NT3), and neurotrophic factor 4 (NT4), 
which drive NSC-derived differentiation to form 
neurons and glial cells in the subventricular 
zone (SVZ) of the ventricular wall and the sub-
granular zone (SGZ) of the dentate gyrus in the 
hippocampal region of the central nervous sys-
tem, as well as nerve endings in the peripheral 
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Figure 1. A diagram showing the interaction between nerve growth and solid tumors. Tumor cells release a vari-
ety of cytokines and growth factors into the tumor microenvironment to stimulate neuronal cell growth, such as 
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), axon guidance molecules, neurotrophic factor 
3 (NT3), and neurotrophic factor 4 (NT4). Neuronal endings of the peripheral nervous system (sympathetic, para-
sympathetic, and sensory nerves) in the tumor microenvironment promote tumor growth and dissemination through 
the release of neurotransmitters, vascular endothelial growth factor. This figure was created using the biorender 
application (Biorender.com).

nervous system and promote axonal growth [4, 
5]. On the other hand, sympathetic, parasym-
pathetic and sensory nerves in TME promote 
tumor growth and dissemination through the 
release of neurotransmitters, vascular endo-
thelial growth factor [6]. Under the combined 
action of the immune system and the nervous 
system, a unique cancer-nerve crosstalk struc-
ture is formed in the TME, creating a favorable 
environment for tumor growth, such as hypoxia 
and nutrient supply, while several studies have 
confirmed a positive correlation between nerve 
density within tumors and tumor hyperdifferen-
tiation [7].

Perineural invasion (PNI) is a pathological fea-
ture of tumor cell dissemination along nerve 
fibers, a phenomenon where primary cancer 
cells observed within the nerve sheath and an 
important prognostic marker for cancer [8]. 
First in the 1960s, Rodin AE observed PNI in 
the peripheral nerves of rats with prostate can-
cer [9]. According to epidemiological surveys, 
the survival rate of patients with cholangiocar-
cinoma with neurological invasion (IN) is ex- 
tremely poor, indicating that NI has a signifi- 

cant negative impact on tumor progression and 
recurrence [10]. Thus, the neurological drive for 
tumor growth is worthy of further investiga- 
tion.

The absence or growth of sympathetic, para-
sympathetic, and sensory nerve fibers due to 
the aggressive nature of the tumor and the het-
erogeneity of the level of nerve growth can 
affect the progression and spread of solid 
tumors [11]. Our study explores the role of 
crosstalk between the nervous system and the 
tumor based on pathological features such as 
epithelial-mesenchymal transition (EMT) and 
PNI. For example, in prostate cancer, sympa-
thetic nerves promote tumor growth and para-
sympathetic nerves promote tumor dissemina-
tion [12]. In gastric cancer, both sympathetic 
and parasympathetic nerves contribute to the 
growth of the tumor [13]. All these studies have 
undoubtedly confirmed the existence of a cro- 
sstalk between cancer and the nervous sys-
tem, with tumor development being governed 
by the nerves. We therefore showed a sche- 
matic representation of the interaction bet- 
ween tumor cells and nerve growth in Figure 1. 
The image was created using Biorender.com.
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Current applications of imaging techniques in 
tumor nerve growth

Based on the involvement of the autonomic 
nervous system in the regulation of tumor 
behavior, neurotransmitters are expected to be 
biomarkers for assessing tumor progression 
[14]. Researchers have observed through cel-
lular experiments that the presence of choline 
acetyltransferase (ChAT) neuronal cells in the 
SVZ promotes the differentiation of the NSC 
into neuronal cells with doublecortin (DCX) 
expression through the secretion of acetylcho-
line (ACh), which is then involved in neurogene-
sis [15, 16]. In addition, animal experiments 
also revealed that transplantation of NSC into 
the SVZ of rats with Alzheimer’s disease result-
ed in the appearance of neuronal cells with 
high expression of DCX in the hippocampus, 
improving the neural microenvironment and 
promoting neural growth in aging rats [5]. These 
studies also give an insight to the field of oncol-
ogy neuroscience that the presence of NSC in 
the SVZ of the brain helps to regulate the neural 
growth capacity of organism.

With the advent of radiomics research, imaging 
techniques using positron emission tomogra-
phy (PET), single photon emission computed 
tomography (SPECT) and magnetic resonance 
spectroscopy (MRS), combined with targeted 
molecular radiotracers, are extremely promis-
ing for the treatment of tumors [17, 18]. The 
detection of biomarkers, neurosynaptic or neu-
rotransmitter signaling by multimodal imaging 
reveals more visually the alterations in solid 
tumor morphology and TME, reveals the role of 
the nerve system in tumor development and 
improves the means of diagnosis and treat-
ment goals. This study brings together the lat-
est molecular imaging techniques to reveal the 

crosstalk mechanisms, evolutionary relation-
ships between tumor cells and autonomic ner- 
ves at the nerve cell level, providing a new per-
spective to the field of oncological neurosci-
ence. We showed in Table 1 the radio-targeted 
molecular tracers commonly used in prostate, 
gastric, pancreatic ductal and breast cancers.

Prostate cancer

Nerve growth in prostate cancer

In the GLOBALCAN 2020 project, the global 
incidence of prostate cancer was estimated at 
7.3%, making it the most prevalent male onco-
logical disease after lung cancer [19]. Prostate 
cancer is one of the causes of cancer deaths in 
men and is clinically treated with radical prosta-
tectomy or androgen deprivation [20, 21]. The 
prostate cancer is an androgen receptor-de- 
pendent organ with a large number of nerve 
nets and nerve fibers and is innervated by both 
pelvic and hypogastric nerves [22]. Physiologi- 
cal studies have shown that the smooth muscle 
cells of the prostate are abundant in alpha-
adrenergic receptors and beta2 adrenergic 
receptors (ADRB2), which are involved in the 
contractile and diastolic functions of the pros-
tate muscles [23]. The stromal and epithelial 
cells of the prostate are abundant in choliner-
gic receptors muscarinic (CHRM), which sup-
port the glandular secretory function of the 
prostate [24]. Latest research has shown that 
stress stimulates the sympathetic nervous sys-
tem to release catecholamines, which active 
the ADRB2/PKA/BAD signaling pathway in pro- 
state cancer cells, promoting prostate cancer 
growth and anti-tumor cell apoptosis [25, 26]. 
In addition, animal studies have demonstrated 
that the use of propranolol interferes with the 
high expression of sympathetic neurotransmit-

Table 1. Radioactive targeted molecular tracer commonly used in clinical practice for the observation 
of prostate, gastric, pancreatic ductal adenocarcinoma, and breast cancers
Cancer type Biometabolic indicators Radioactive molecular targeting tracers References
Prostate cancer Glucose metabolism [18F] fluoro-2-deoxyglucose (18F-FDG) [28]

Prostate cancer Cholinergic metabolism (-)-5-18F-fluoroethoxybenzovesamicol (18F-FEOBV), 11C-donepezil [34]

Prostate cancer Cholinergic metabolism 11C-choline [38]

Prostate cancer Specific membrane antigen 68Ga-prostate-specific membrane antigen (68Ga-PSMA) [43]

Gastric cancer Cholinergic metabolism 18F-choline [64]

Gastric cancer Cancer-associated fibroblasts [68Ga] Ga-FAPI-46 [66]

Pancreatic ductal adenocarcinoma Cholinergic metabolism 3H-choline [83]

Breast cancer Cholinergic metabolism 11C-choline [94]

Breast cancer Cholinergic metabolism 18F-choline [98]
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cord injury (SCI), but no significant differences 
in serum prostate-specific antigen (PSA) levels 
have been observed [32]. It is evident that the 
development and metastasis of prostate can-
cer is neurologically driven and that interven- 
ing to target the neuron-tumor crosstalk mech-
anism would be a potential therapeutic stra- 
tegy.

The application and investigation of imaging 
technology in prostate cancer

Recent clinical studies have demonstrated an 
increase of 94% in the diagnosis of prostate 
cancer with multi-parametric magnetic reso-
nance imaging (mpMRI), which has inspired us 
to use targeted small molecule imaging to diag-
nose prostate cancer with clinical implications 
[33]. Based on the physiological process of 
cholinergic signaling, Stokholm MG used PET 
tracers 11C-donepezil and (-)-5-18F-fluoroetho- 
xybenzovesamicol (18F-FEOBV) to target acetyl-
cholinesterase (AChE) and vesicular acetylcho-
line transporter (VAChT) in vesicular transport 
to assess the SUVmax in cancer tissues. The 
SUVmax of the radiotracer in prostate cancer 
tissue was found to show a positive correlation 
with the Gleason score of prostate cancer 
patients. In particular, the SUVmax of 11C- 
donepezil in prostate tissues increased by 
330% (P<0.05) and the SUVmax of 18F-FEOBV 
increased by 106% (P=0.12) compared to the 
SUVmax of prostate hyperplasia tissue, demon-
strating an inextricable relationship with the 
progression of prostate cancer and abnormal 
choline metabolism [34]. 

Metabolic abnormalities are prevalent in malig-
nancies, with choline metabolism abnormali-
ties in prostate cancer manifested by signifi-
cantly elevated levels of total choline (tCho) and 
phosphorylcholine (PC) [35]. It has been found 
that in the hypoxic environment of cancer, the 
hypoxia-inducible factor (HIF)-1α binds to the 
choline kinase (Chk)-α promoter sequence in 
cancer cells to participate in transcriptional 
process, contributing to high expression of 
Chk-α, target gene that mediates carcinogene-
sis [36]. Therefore, it is considered that reduc-
ing the expression of Chk-α in tumor tissue by 
targeting the activity of choline transporter pro-
teins and thus reducing the synthesis of phos-
phatidylcholine (PtdCho) has a targeted thera-
peutic effect on prostate cancer [37].

ters in prostate cancer tissues and inhibits the 
activation of focal adhesions kinase (FAK) on 
the extracellular matrix (ECM) by the ADRB2/
cAMP/PKA signaling pathway, which significant-
ly antagonizes the invasive and proliferative 
properties of tumor cells [27]. This finding for-
mally unravels the mystery of the interaction 
between prostate cancer and nerve growth.

Magnon C revealed for the first time the role of 
sympathetic and parasympathetic nerves in 
promoting prostate cancer growth. They set up 
two separate sets of experiments to verify this: 
after adrenergic nerve inhibition with the chem-
ical 6-hydroxydopamine (6OHDA) or denerva-
tion of the hypogastrium, they found a 50% 
reduction (P<0.01) in the incidence of PIN in 
mice given the denervation group the day after 
birth. Following in vivo infusion of the choliner-
gic receptor agonist carbachol into the tumors 
of Hi-MYC mice, maximum standardized uptake 
value (SUVmax) in the surrounding soft tissues 
were measured using [18F] fluoro-2-deoxyglu-
cose (18F-FDG) PET and a significant increase in 
tumor cell spread in the lung and peripelvic tis-
sues was found [28]. It is evident that sympa-
thectomy in the early stages of prostate cancer 
can achieve a more significant tumor suppres-
sion effect.

To further track the migration of sympathetic 
nerve fibers into prostate cancer tissue, Mau- 
ffrey P looked at the common neural progenitor 
cell-specific marker DCX from tumor cells of 
prostate cancer patients and Hi-MYC mice. 
They used Cre expression of enhanced yellow 
fluorescent protein (eYFP) to label the NSC of 
SVZ. Adrenergic neurons presenting strong 
positivity for anti-tyrosine hydroxylase (TH) co- 
uld be observed in prostate tumors of Hi-MYC 
mice at 8 weeks to 12 weeks [29]. 

In another study Tabrizi S quantified that high 
expression of DCX in prostate cancer was posi-
tively correlated with nerve fiber density within 
cancer cells [30]. Therefore, the expression of 
DCX as a postoperative assessment in clinical 
radical prostate cancer surgery will be a high-
light of future clinical studies.

As these studies progress, 20% of prostate 
cancer patients present with lumbar metasta-
ses leading to spinal cord compression [31]. 
Clinical studies have found a 50% reduction in 
risk of prostate cancer in patients with spinal 
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Positron emission tomography/computer to- 
mography (PET/CT) of 11C-choline is an imaging 
technique used clinically in the diagnosis of 
prostate cancer to determine the pathological 
stage of the prostate based on the SUVmax of 
choline in prostate cancer lesions [38]. In clini-
cal studies, uptake of the radiotracer 11C-choline 
was positively correlated with Chk-α expression 
in prostate cancer cells and was detected in up 
to 90% of lymph node spread areas of prostate 
cancer, while immunohistochemical staining 
using Chk-α in the tissue of this lesion was 
strongly positive, as seen in both prostate can-
cer and its disseminated lymph node lesions 
exhibiting elevated choline expression [39].

High levels of serum triglycerides are a high-
risk factor for prostate cancer, and elevated 
serum levels of prostate-specific antigen (PSA) 
are associated with high levels of triglycerides 
in the patients with prostate cancer [40, 41]. It 
is well known that the most widely used and 
specific radiotracer in clinical treatment of 
prostate cancer is 68Ga-prostate-specific mem-
brane antigen (68Ga-PSMA), so it is clear that 
timely testing of PSA concentrations in serum is 
essential for high-risk patients [42, 43]. In a lat-
est study, You H report a novel superparamag-
netic iron oxide (SPIO) nanoprobe technology 
that can both β-blockers to inhibit prostate can-
cer progression and tracer autonomic nerves 
under MRI [44]. This drug-laden nanoprobe te- 
chnology is a new direction for future cancer 
treatment.

Gastric cancer

Nerve growth in gastric cancer

Gastric cancer accounts for the fourth highest 
global cancer incidence and is the second high-
est global cancer mortality rate [45]. In particu-
lar, lymphatic metastases and PNI are the main 
influencing factors in the poor prognosis of gas-
tric cancer, making early detection and screen-
ing of gastric cancer patients particularly im- 
portant [46]. In the latest study, CSC were iso-
lated and transplanted into the peritoneal cav-
ity of mice for the first time. Pathological signs 
of PNI in the gastrointestinal tract, as well as 
positive sympathetic marker TH and parasym-
pathetic marker VaChT could be observed in 
the peritoneal cavity of mice after one week, for 
which the investigators concluded that CSC 
have the ability to differentiate into sympathet-

ic and parasympathetic nerves to participate 
into tumor progression [47, 48]. 

Numerous studies have found that chronic 
stress plays a direct role in the regulation of the 
neuroendocrine system [49]. The main mani-
festation is the activation of the autonomic ner-
vous system and the hypothalamic-pituitary-
adrenal (HPA) axis, in which increased release 
of catecholamines induces the development of 
gastric cancer [50]. In animal experiments, pro-
liferation of gastric cancer cells was found to be 
as high as 15% in mice given concomitant cat-
echolamine supplementation under prolonged 
stressful stimuli. Under the observation of in 
vivo imaging system (IVIS) technique, the sys-
temic metastasis of gastric cancer cells under 
adrenaline stimulation was found to be signifi-
cant. It is reasonable to speculate that β-ad- 
renaline can increase the invasiveness and 
metastatic ability of gastric cancer [51]. It has 
been demonstrated that the adrenergic recep-
tor blocker propranolol inhibits the expression 
of the tumor signaling pathway MEK-ERK, sup-
pressing gastric cancer cells in the G0/1 phase 
of the cell cycle and thus inhibiting the differen-
tiation and proliferation of gastric cancer cells 
[52].

In addition to the activation of sympathetic sig-
naling pathways, the metabolic disturbance of 
the organism under stress is a key phenome-
non that cannot be ignored [53]. Aerobic gly-
colysis is significantly increased during tumor 
proliferation, a metabolic phenomenon known 
as the Warburg effect, of which the expression 
of already hexokinase 2 (HK2) is the most sig-
nificant [54, 55]. Kang F supported for the first 
time a positive correlation between ADRB2 and 
tumor glycolysis, with a significant reduction in 
HK2 expression in mice using PROP (P<0.05), 
as well as a trend towards reduced glucose 
uptake in tumor cells labeled with the radio-
tracer 18F-FDG (P<0.05) [56]. This study reveals 
for the first time that beta-blockers can inhibit 
tumor glycolysis and thus inducing apoptosis in 
tumor cells.

On the other hand, parasympathetic nerves 
bind to muscarinic acetylcholine receptors 
(mAChRs) on gastric cancer cells through the 
release of ACh, activating the transmission of 
various signaling pathways such as Wnt/beta-
catenin pathway and Hippo pathway, promot- 
ing high expression of oncogenes thereby in- 
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creasing the aggressiveness of gastric cancer 
[57]. It has been demonstrated that high 
expression of the neuroregeneration-depen-
dent anterior gradient homolog 2 (AGR2) in gas-
tric cancer tissues activates the Hippo signal-
ing pathway, promotes cancer-associated fi- 
broblasts (CAF) invasiveness and induces peri-
toneal metastasis and proliferation of gastric 
cancer cells [58, 59].

Hayakawa Y found that the growth of choliner-
gic nerve fiber axons in epithelial cells from 
gastric cancer peaked at 3 months and that the 
conversion of stem cells into nerve cells gradu-
ally decreased as the carcinogenesis process 
progressed. Subsequent stimulation of gastric 
cells using the cholinergic agonist carbachol 
revealed a significant increase in NGF expres-
sion on gastric epithelial cells (P<0.05). It was 
revealed that the action of ACh on mAChRs in 
gastric epithelial cells activated the Wnt/beta-
catenin signaling pathway to regulate increased 
secretion of NGF and promote neural growth in 
gastric cancer cells [60]. To further investigate 
and validate the interaction between nerve 
growth and gastric cancer progression, the 
researchers conducted two sets of experi-
ments: the first was a 20% reduction in the vol-
ume of gastric tumours in mice after perform-
ing unilateral vagotomy; the other group of 
researchers showed a 10% decrease in the 
proliferation rate of gastric cancer cells in mice 
after 2 months of drug injection using botuli-
num toxin type A. It was confirmed that inhibi-
tion of the release of cholinergic neurotransmit-
ters significantly inhibited the proliferation and 
growth of gastric cancer cells [61].

The application and investigation of imaging 
technology in gastric cancer

In metabolomic studies of gastric cancer, cho-
line levels have been found to fluctuate during 
the progression of gastric cancer, increasing 
specifically in the early stages and decreasing 
as the disease progresses by phosphorylation 
to form glycerophosphatidylcholine (PCs) [62]. 
Therefore, fluctuations in choline levels can  
be considered as a metabolic specific indicator 
of gastric cancer and chronic gastritis [63]. 
Evangelista L reported that a patient with pros-
tate cancer who underwent 18F-choline PET/CT 
observed increased SUVmax manifestations of 
choline in the greater curvature of the stomach, 

which is the first clinical data supporting the 
use of 18F-choline PET/CT to observe increased 
manifestations of cholinergic secretion in gas-
tric ulcers [64].

In addition to the role of neural stem cells in the 
dissemination and promotion of gastric cancer, 
CAF is also one of the most active cells in TME, 
promoting cancer progression through the re- 
cruitment of immune factor aggregates [65]. 
The radioactive tracer 68Ga-FAPI is widely used 
in clinical practice by targeting fibroblast-acti-
vating protein (FAP) in tumor stromal cells, and 
a recent multicenter study found [68Ga] Ga- 
FAPI-46 PET/CT to be 73% sensitive for gastric 
cancer, with a 77% metastasis rate to lymph 
nodes and peritoneum [66]. It is particularly 
interesting to note that we have not yet identi-
fied a neurobiologically targeted diagnosis for 
gastric cancer and therefore the role of neuro-
modulation in gastric cancer needs to be taken 
into account by researchers in the future, with 
targeted radiotracers targeting the molecular 
spectrum of the tumor remaining a current area 
of endeavor.

Pancreatic ductal adenocarcinoma

Nerve growth in pancreatic ductal adenocarci-
noma

In the global cancer statistics to 2022, pancre-
atic ductal adenocarcinoma (PDAC) has the 
fourth highest cancer mortality rate in the world 
with 62,210 cases and 49,830 deaths per year 
[67]. Pancreatic cancer is a highly malignant 
tumor with an extremely poor prognosis and 
has a unique tumor physiology. Due to the 
mutation of the KRAS oncogene in 90% of pan-
creatic cancers, this is accompanied by a high 
degree of fibrosis around the pancreatic tissue, 
creating a pancreatic cancer microenvironment 
that is hypoxic, fibrotic, highly autophagic and 
immunosuppressive, contributing to the aggre- 
ssiveness of pancreatic cancer and inducing a 
high degree of cancer malignancy [68]. Dorsal 
root ganglion (DRG) cells have been studied in 
co-culture with pancreatic cancer cells and it 
was found that the glial cell-line derived neuro-
trophic (GDNF) family receptor alpha-1 (GFRα1) 
secreted by the nerve cells induced high ex- 
pression of the proto-oncogene RET on the 
pancreatic cancer cell membrane, which in turn 
increased migration and formation of PNI in the 
cancer cells [69]. These studies revealed acti-
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vation of the GDNF-RET-GFRα1 signaling path-
way in pancreatic cancer cells leads to en- 
hanced perineural invasiveness of cancer cells 
in pancreatic cancer [70].

Positive feedback regulation between sympa-
thetic nerves and PDAC during chronic stress 
[71]. The important role of ADRB in PDAC was 
explored in animal experiments by Renz BW 
Treatment with the ADRB inhibitor ICI118,551 
resulted in a significant 80% reduction in the 
incidence of PDAC. On the other hand, stimula-
tion with isoprenaline, an activator of ADRB, 
resulted in a doubling of the expression of the 
sympathetic marker TH in pancreatic tissue. It 
was confirmed that sympathetic nerves contrib-
ute to axon formation and nerve growth in PDAC 
by stimulating the epithelial cells of PDAC with 
ADRB2, which initiates the PAK/ERK signaling 
pathway and promotes the upregulation of NGF 
expression and induces the expression of the 
KRAS proto-oncogene [72].

On the other hand, Ceyhan GO investigators 
performed immunohistochemistry on PDAC tis-
sue and found that the expression levels of 
ChAT and TH were not significant, but Nestin, a 
marker of CSC, was significantly elevated in 
tumor cells (P<0.001), speculating that nerve 
growth was present within PDAC [73]. To fur-
ther investigate the process of PDAC and sym-
pathetic nerve fiber growth, Guillot J used chol-
era toxin B to retrogradely label the sympathe- 
tic axons of PDAC and examined pancreatic tis-
sue sections from 6-week-old PDAC mice using 
three-dimensional imaging techniques and li- 
ght sheet fluorescence microscopy (LSFM) not 
yet finding TH-positive neuronal cells but de- 
tecting progenitor cells with high expression of 
DCX. It can be hypothesized that the growth of 
sympathetic neurons in PDAC is due to the 
migration-derived formation of progenitor cells 
in the brain. At the same time, examination of 
the de-sympathetically innervated PDAC mice 
revealed that sympathetic nerves inhibited 
PDAC progression by suppressing the prolifera-
tion of CD163 macrophages and thus the early 
stage of tumor formation [74].

In addition to neurotransmitters, which are the 
main regulators of PDAC, axon guidance mole-
cules also play a role in carcinogenesis [75]. 
Semaphorin 3 (SENA3A) has been shown to 
stimulate PNI formation in tumor cells upon 
binding to annexin A2 (ANXA2) of pancreatic 

cancer cell membranes [76, 77]. Binding of 
SENA3D to the non-tyrosine kinase transmem-
brane receptor Neuropilin-1 (NRP-1) activates 
the EGF/EGFR signaling pathway in pancreatic 
cells and stimulates proliferation and metasta-
sis of PDAC [78].

Different innervation is heterogeneous for can-
cer. ACh released from the vague nerve binds 
to alpha-7-nicotinic acetylcholine receptors 
(alpha-7nAChR) on the membranes of ma- 
crophages, myeloid-derived suppressor cells 
(MDSC), natural killer cells (NK), dendritic cells 
(DC), T cells and other cells, inhibiting the 
release of tumor necrosis factor-alpha (TNF-α) 
from immune cells and thus acting as an anti-
tumor agent [79, 80]. In animal experiments, it 
was found that PDAC progressed rapidly in 
mice after removal of the inferior phrenic va- 
gue nerve, showing a significant increase in 
Chrm1 expression in pancreatic epithelial cells 
(P<0.05) and a significant increase in serum 
levels of TNF-α (P<0.05), confirming the posi-
tive role of the cholinergic antitumor pathway in 
PDAC [81].

Application and investigation of imaging tech-
niques in pancreatic ductal adenocarcinoma

Studies have been conducted using 1H-MRS 
imaging to observe the manifestation of abnor-
mal lipid metabolism in PDAC cells and found a 
significant increase in the expression of Chk-α, 
choline transporter protein 1 (CHT1) and cho-
line transporter-like protein 1 (CTL1) [82]. Hirai 
K used CTL1 inhibitors to inhibit cholinergic 
effects on pancreatic cancer cells and found 
that pancreatic cancer cells showed a signifi-
cant decrease in 3H-choline uptake, which in 
turn induced an increase in levels of the apop-
totic factor ceramide [83]. Not only does it 
inhibit the synthesis of pancreatic cancer cell 
membranes, but it also promotes the activity of 
the apoptotic enzyme caspase 3/7 to induce 
apoptosis in pancreatic cancer cells. The apop-
tosis-inducing effect of choline synthesis inhibi-
tors in PDAC makes cholinergic inhibitors a 
promising potential therapeutic target for PDAC 
[84].

Breast cancer

Nerve growth in breast cancer

Breast cancer is the more deadly malignancy 
among women worldwide, with an increasing 
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trend of 0.5% per year [85]. A clinical follow-up 
survey showed that of 466 breast cancer 
patients taking the antihypertensive drug pro-
pranolol, 51% of them were not at risk of recur-
rence and 71% had not yet developed distant 
metastases (P<0.05) [86]. These data from 
clinical observations reveal that there may be 
an inextricable relationship between tumors 
and stress, with social stress being a potential 
risk factor for increased metastasis and inva-
siveness of breast cancer cancers. A growing 
number of studies have found that sympathetic 
activation is an absolute driver of breast cancer 
progression, with adrenaline inducing breast 
cancer cell migration through ADRB2 on tumor 
cell membranes [87]. At the same time, high 
levels of NGF in breast cancer cells also mean 
that patients face poor prognosis [88].

Zhao Q observed pathological sections of 
patients with neurogenesis in breast cancer 
and found strong positivity for the anti-protein 
gene product 9.5 (PGP9.5) in breast cancer tis-
sues with PNI manifestations, which showed 
the presence of nerve fiber proliferation within 
the invasive breast cancer tissue [89]. To fur-
ther investigate the phenomenon of nerve gr- 
owth within breast cancer, Kamiya A used the 
retroviral tracer AAV to label autonomic nerve 
fibers in mice with breast cancer and found a 
significant increase in norepinephrine (NE) lev-
els within breast cancer tissue in the presence 
of a viral vector for the TH promoter of sympa-
thetic nerves. Then, to address the induction of 
sympathetic nerves into breast cancer, the 
investigators injected propranolol or sympa-
thetic innervation surgery into the tumor and 
found that the expression of immunomodula-
tory factors programed death ligand-1 (PD-L1) 
and forkhead box P3 (FOXP3) was significantly 
reduced within the de-innervated TME, showing 
that the release of immune factors from the 
TME of breast cancer promotes the progres-
sion of breast cancer [90]. Meanwhile, Romeo 
HE transplanted breast cancer cells M3 and 
MM3-LN into sympathetically innervated mice, 
respectively, and found that the mice not only 
showed reduced intra-tumoral norepinephrine 
levels, but also significantly less invasive me- 
tastasis of breast cancer cells to the lung and 
skin (P<0.001) [91]. Thus, by inhibiting the 
action of sympathetic neurotransmitters in 
breast cancer patients, it could be a potential 
therapeutic target to improve the progression 
of breast cancer.

The application and investigation of imaging 
techniques in breast cancer

Grinde MT used 1H-MRS imaging to observe 
that estrogen receptor (ER) expression levels in 
breast cancer patients showed a positive cor-
relation with tCho levels, and that TME, which 
constitutes lipid accumulation, induced cancer 
cell growth, and became a potential biomarker 
for cancer therapy [92]. Further testing of the 
levels of cholinergic signaling in human breast 
cancer revealed that high expression of CTL1 
promoted the metabolic activity of the Kennedy 
pathway in breast cancer cells [93]. In animal 
studies, 11C-choline was found to show a signifi-
cant increase in uptake at week 7 of breast 
cancer development and could be used to mark 
the precancerous stage of breast cancer [94]. 
PET/CT of 11C-choline is therefore widely used 
in clinical practice to assess the maximum cho-
linergic uptake in breast cancer tissue and thus 
the extent of tumor progression in patients 
[95].

Despite the presence of a high cholinergic 
metabolism in breast cancer tissues, increased 
metastatic ability and invasiveness of breast 
cancer was found in animal studies following 
denervation of the vague nerve or inhibition of 
the sensory nerve fibers of the vague nerve 
with chemicals [90, 96]. The vague-based anti-
inflammatory effect inhibits the systemic 
spread of breast cancer cells by suppressing 
the expression of the inflammatory response 
factors interleukin-1 (IL-1) and TNF-α and pro-
moting the level of anti-tumour cells CD8 T cells 
[97]. Thus, Ahmad Saad FF demonstrated a  
significant increase in SUVmax of 18F-choline  
in estrogen-elevated non-menopausal breast 
cancer patients using whole-body 18F-choline 
PET/CT. At the same time, increased physiologi-
cal cholinergic uptake was observed, suggest-
ing that 18F-choline may be an excellent molec-
ular targeting tracer for determining distant 
metastases in breast cancer patients [98]. 

Conclusion

Cancer disease suffers from rapid progression, 
widespread, drug and treatment resistance 
and poor prognosis, making it a difficult dis-
ease to overcome in society. The neuroscience 
of cancer is addressed from a neurological per-
spective, with imaging technology as a research 
tool to predict the prognosis of cancer treat-
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ment [99]. Our research focuses on the mecha-
nisms of crosstalk between autonomic nerves 
and tumors, providing new directions for the 
future use of blocking nerve growth factors or 
neurotransmitters to treat cancer progression. 
However, current biomarker testing of nerve 
growth in oncological disease lies solely in his-
topathological testing, and there are limitations 
regarding the exploration of biomarkers for 
molecular imaging techniques, and continued 
research on molecular imaging probes for 
nerve growth in prostate, gastric, pancreatic 
ductal and breast cancers is needed in the 
future. In addition, in a recent study, sensory 
nerves released tetrahydrobiopterin (BH4), 
which is involved in the GCH1/BH4 signaling 
pathway mediating chronic pain in lung cancer, 
and subsequently inhibited the expression of 
BH4 by knocking out GTP cyclohydrolase 1 
(GCH1), lung cancer mice were found to exhibit 
a specific reduction in cancer cells and neuro-
pathic pain, suggesting that sensory nerves are 
also involved in the molecular pathways driving 
cancer [100]. We therefore believe that the 
search for signaling molecules between tumor 
cells and neurotransmitters is essential in 
order to better identify new targets for pharma-
cological action and for better treatment and 
cure of solid tumor diseases.
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