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Abstract
Neurotransmitters are conventionally viewed as nerve-secreted substances that mediate the stimulatory or inhibitory
neuronal functions through binding to their respective receptors. In the past decades, many novel discoveries come to light
elucidating the regulatory roles of neurotransmitters in the physiological and pathological functions of tissues and organs.
Notably, emerging data suggest that cancer cells take advantage of the neurotransmitters-initiated signaling pathway to
activate uncontrolled proliferation and dissemination. In addition, neurotransmitters can affect immune cells and endothelial
cells in the tumor microenvironment to promote tumor progression. Therefore, a better understanding of the mechanisms
underlying neurotransmitter function in tumorigenesis, angiogenesis, and inflammation is expected to enable the
development of the next generation of antitumor therapies. Here, we summarize the recent important studies on the different
neurotransmitters, their respective receptors, target cells, as well as pro/antitumor activity of specific neurotransmitter/
receptor axis in cancers and provide perspectives and insights regarding the rationales and strategies of targeting
neurotransmitter system to cancer treatment.

Introduction

Neurotransmitters released from peripheral and autonomic
nerves play a very wide spectrum of activities in the sig-
naling from the cells of the nervous system to target cells
through binding to their respective receptors. Based on their
specific chemical structure, neurotransmitters are divided into
three categories: (1) amino acids, including acetylcholine
(Ach), glutamate, glycine, and gamma-aminobutyric acid
(GABA); (2) biogenic amines, including dopamine, nor-
epinephrine (NE), epinephrine (E), and serotonin; (3) pepti-
dergic neurotransmitters termed neuropeptide, including but
not limited to substance P (SP), neuropeptide Y (NPY),
opioids, calcitonin gene related peptide (CGRP), vasoactive
intestinal polypeptide (VIP), bombasin, neurotensin, and
many others.

In recent years, neurotransmitters emerged as an essential
microenvironmental component in regulating tissue home-
ostasis and influencing diverse malignant phenotypes of
human cancers [1, 2]. Neurotransmitters can not only be
released by autonomic nervous system from the brain, per-
ipheral plexuses, ganglia, and adrenal medulla, but also be
produced by cancer cells and immune cells. Thus, neuro-
transmitters might affect cancer cells and immune cells in an
autocrine/paracrine manner. Similar to the processes of
neoangiogenesis and lymphangiogenesis, growing evidence
provide the possibility of formation of new nerve endings
within the tumors, a phenomenon termed as neoneurogen-
esis [1, 3]. Nerve fibers-derived neurotransmitters liberated
in the tumor microenvironment activate tumor cells through
binding specific neurotransmitter receptors [4]. This process
further expanded our knowledge of the complex network of
neurotransmitters related to tumor progression. In addition,
immune cells and endothelial cells infiltrated in the tumor
microenvironment likewise express diverse neurotransmitter
receptors and react with neurotransmitters, and are known to
have a strong impact on the outcome of human cancers [5].
Notably, many neurotransmitters and/or their analogs or
antagonist/agonist for their receptors have medicinal prop-
erties are served as drugs for various diseases including
cancers. In the following section, we will describe the
implication of several classical neurotransmitters and neu-
ropeptides on the cancer and the tumor microenvironment,
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and we will also discuss the possibility of their inhibition as
potential therapy.

Epinephrine and norepinephrine

Clinical and epidemiological studies have extensively
identified stress and chronic depression as cancer risk fac-
tors. Growing evidence supports a longstanding hypothesis
that chronic stress can affect tumor initiation and progres-
sion [6–8]. Catecholamines, including dopamine, E, and
NE, are also known as stress neurohormones because of
their circulation levels are remarkably increased during
psychological stress. E and NE, derived from the amino
acid tyrosine and released primarily from the adrenal
medulla and the sympathetic nerves, are the best-
characterized and well-studied neurotransmitters. The
effects of E and NE are mediated by interactions with alpha
(α)- and beta (β)-adrenergic receptors, which are 7-
transmembrane G-protein-coupled receptors and widely
expressed in most of mammalian tissues. E and NE are
profoundly implicated in multiple biological behaviors of
cancers, including cancer cell survival, proliferation, resis-
tance to apoptosis, invasion, metastasis, angiogenesis, and
stromal compartments in the tumor microenvironment [9–
11] (Fig. 1a). The tumor growth and angiogenesis induced
by chronic stress can be mimicked by a β-adrenergic ago-
nist, isoproterenol, and blocked by its antagonist, propra-
nolol [12]. NE can stimulate endothelial cell metabolism
toward the inhibition of oxidative phosphorylation and the
induction of an angiogenic switch that fuels cancer pro-
gression [13, 14]. There are several mechanisms underlying
the tumor-promoting roles of E and NE. Activation of
β2-adrenoceptor (AR) promotes tumor growth and angio-
genesis through increasing the expression of vascular
endothelial growth factor (VEGF), metalloproteases 2
(MMP2), and MMP9, which further potentiate the angio-
genic and metastatic processes in overian cancer, lung
cancer, and breast cancer [12]. These effects are largely
mediated by β-AR-dependent increase in cAMP levels and
subsequent activation of PKA, which executes relevant
functional regulations through phosphorylating downstream
targets, such as cAMP response element binding protein
(CREB), nuclear factor kappa B, and activator protein 1
[15]. Through transactivation of extracellular signal-
regulated kinase (ERK)/cyclooxygenase 2 (COX2) signal-
ing pathway, β-AR facilitates the cell proliferation of eso-
phageal squamous cell carcinoma [16]. In pancreatic cancer,
catecholamines promote β-AR-dependent secretion of neu-
rotrophins, which in turn increase NE level and facilitate
tumor growth [11]. In addition, we have previously
demonstrated that NE induces hepatocellular carcinoma
invasion and anoikis resistance through β-AR-mediated

EGFR transactivation [17]. Collectively, these and other
numerous studies provide solid data that E and/or NE are
profoundly implicated in the tumor growth and progression
on a variety of cancer types. Recent findings shed light on
the impact of nerve fibers-derived autonomic neuro-
transmitters on cancer cells. However, the contribution and
clinical relevance of circulating NE and E in cancers is
largely unknown. Further preclinical and clinical studies in
this aspect will help to fully uncover the molecular
mechanism of autonomic neurotransmitters at both system
and microenvironmental level.

Escape from immune surveillance is one of the most
critical steps that ensure proper establishment and growth of
the formed tumor. Apart from function as physiological or
pharmacological stimuli to form a tumor-promoting char-
acter in the tumor microenvironment, E and NE have been
shown to influence inflammatory immune cells in cancers.
β-ARs are present in both helper and T suppressor lym-
phocytes, B lymphocytes, NK cells, macrophage, and
dendritic cells [5]. NE can increase the production of
proinflammatory cytokines IL-8, which in turn stimulate the
growth of ovarian cancer [18]. Endogenous E together with
prostaglandins can decrease NK cell activities and reduction
of antitumor resistance and thereby promote leukemia
progression [19]. In addition, β-AR-mediated hormone
signaling reduces the deformability of macrophages [20]
and regulates integrin activation of human antigen-specific
T cells [21]. Activation of β-AR signaling is sufficient to
increase the infiltration of CD11b(+) F4/80(+) macro-
phages into primary tumor parenchyma and thereby induce
a prometastatic gene expression signature accompanied by
indications of M2 macrophage differentiation [22]. Inter-
estingly, enriched environment enhances NK cell activity
and promotes infiltration of NK cells in the tumor micro-
environment; blocking β-AR signaling or chemical sym-
pathectomy effectively abolishes the effects of enriched
environment on NK cells and attenuates the antitumor effect
of enriched environment [23]. Collectively, these findings
suggest the emerging roles of β-AR signaling in modulating
tumor immunity. Meanwhile, targeting the β-AR signaling
in immune cells may serve for new therapeutic avenues to
improve T-cell or NK cell eradication of cancer.

Epidemiological studies support the hypothesis that
cardiovascular patients treated with β-AR antagonists
(β-blockers) have reduced incidence of cancer. A large
case–control study among patients with cardiovascular
disease revealed that β-blockers were correlated with a
reduction in cancer occurrence [24, 25]. In the different
classes of antihypertensives, only β-blockers had a sig-
nificant association with lower risk of prostate cancer.
Furthermore, exposure to β-blockers may reduce tumor
progression in established cancers. In breast cancer, cardi-
ovascular patients receiving β-blockers have a remarkable
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Fig. 1 Schematic representation of different neurotransmitters, their
respective receptors, target cells as well as pro/antitumor activity of
specific neurotransmitter/ receptor axis. a Norepinephrine (NE) and
Epinephrine (E) activate their β-adrenoreceptors (ARs) expressed on
cancer cells and immune cells to promote tumor malignancies and
inflammation. Moreover, NE/E can directly induce endothelial cell
(EC) metabolic switch to via β-AR to increase tumor vasculariza-
tion. b Dopamine exhibits a conflicting effect regarding the influ-
ence of dopamine receptors (DRs) activation on cancers indicative
of the tumor-specific roles of DRs in cancers. Both D1-like DR
and D2-like DR are expressed by immune cells and endothelial cells
to inhibit pro-tumor immune response and angiogenesis. c Activation
of GABAA receptors stimulates tumor cell proliferation and migration
as well as migration, while activation of GABAB receptor leads to
inhibitory effects on tumor development. Activation of GABAA

receptors also regulates macrophage recruitment and T cell-dependent

cytotoxicity in cancers. d Diverse 5-HT receptors expressed by cancer
cells, immune cells, and endothelial cells finally accelerate tumor
growth, angiogenesis, as well as metastasis dissemination in many
human cancers. e Both the nicotinic acetylcholine receptors (nAchRs)
and muscarinic receptors (mAchRs) are expressed by cancer cells and
endothelial cells and their activation are sufficient to promote onco-
genic activities and angiogenesis. Activation of mAchRs in immune
cells can promote macrophage recruitment and induce an anti-
inflammatory response. f Activation of metabotropic glutamate recep-
tors (mGluRs) and ionotropic glutamate receptors (iGluRs) in cancer
cells and endothelial cells contributes to increased cancer cell pro-
liferation, migration, invasion, differentiation, and angiogenesis in
several human cancers. In addition, mGluRs is expressed by myeloid-
derived suppressor cells (MDSC) and is essential to its immune-
suppressive effect
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reduction in metastasis development, tumor recurrence, and
cancer-related mortality [26–29]. In addition, β-blockers
also improve the relapse-free survival in patients with breast
cancer and melanoma [30, 31]. However, conflicting find-
ings have been reported. Several clinical studies pointed out
that treatment of β-blockers had no beneficial effects on
patients with lung, breast, and colorectal cancer, and even
produced adverse effects on the overall survival in patients
with prostate and pancreatic cancer [32]. The cardioselec-
tive β1-blockers, such as metoprolol, bisoprolol, and ate-
nolol, showed no significant associations with cancer
incidence and mortality [33]. From the prevention and
therapeutic point of view, it is interesting to consider the
potential application of β-blockers in cancer therapy
because of β-blockers are clinically well characterized and
have been safely administered as therapeutics for cardio-
vascular diseases. Although controversial conclusions are
present for the therapeutic potential of β-blockers in can-
cers, some important issues should be addressed by future
researches, including but not confined to β-ARs expression,
tumor types and stages, blocker sensitivity, and micro-
environmental factors. In addition, it is time to launch a
well-designed and multicenter clinical trial to confirm the
exact role of β-blockers in cancer patients and to test
β-blockers in adjuvant treatment of relevant cancers.

Dopamine

Dopamine is a precursor for the synthesis of E and NE. It is
also an important neurotransmitter in the regulation of
several key functions, such as behavior, control of move-
ment, endocrine regulation, and cardiovascular functions.
Dopamine exerts its function via binding to five different
seven-transmembrane G-protein-coupled receptors, which
are divided into two classes: D1-like dopamine receptors
(DRs) and D2-like DRs. The D1-like family (D1 and D5
receptors) is coupled to Gs receptors and the D2-like family
(D2, D3, and D4 receptors) is comprised of Gi/o receptors.
Dopamine or DR agonists seem to exhibit inhibitory effect
on tumor growth, including breast cancer, gastric cancer,
and sarcoma [34]. However, dopamine fails to diminish the
proliferation and invasion of breast and colon cancer cells
[35], indicating that difference in outcome might be the
consequence of different tumor types, DRs expressed, and
doses used. A main mechanism of tumor-suppressive effect
is associated with decreased angiogenesis [36]. In an ele-
gant study dopamine was shown to inhibit endothelial
progenitor cell mobilization from the bone marrow through
restraining the VEGFA-mediated ERK1/2 phosphorylation
[37]. Recently, several studies reported the oncogenic
activities of DRs with regard to migration or other effects on
cancer cells. Activation of DRD2 inhibits proliferation,

clonogenic ability, and invasiveness of these cells in non-
small cell lung cancer [38]. In glioblastoma, inhibition of
DRD4 impedes autophagic flux, proliferation, and survival
of cancer stem cells [39]. However, inhibition of DRD2
reduces pancreatic cancer cell proliferation and migration,
and slows growth of xenograft tumors in mice [40]. Acti-
vation of the DRD1/cGMP/PKG pathway induces growth
arrest in vitro and causes tumor shrinkage and reduced bone
metastasis in breast cancer [41]. There is conflicting evi-
dence regarding the influence of DR activation on cancers,
suggesting that the roles of DRs in cancers might be tumor
specific (Fig. 1b). Interestingly, dopamine is involved in
antagonizing the carcinogenic action of adrenergic system,
whether β-AR signaling is affected by dopamine in cancer
cells and the detailed molecular mechanism warrants further
investigations. Taken together, all these findings would
make dopamine and its receptors as the potential targets for
cancer diagnosis and therapy.

Dopamine is critically involved in the neural-immune
communication by acting through its receptors present in
immune cells in an autocrine/paracrine manner [42]. The
antitumoral effects of dopamine can be manifested by reg-
ulation of diverse immune competent cells within the tumor
microenvironment. Dopamine is able to inhibit the function
of Gr-1+CD115+ myeloid-derived suppressor cells through
D1-like receptors and enhance antitumor immunity [43].
Moreover, dopamine can regulate peritoneal macrophages
and CD4+CD25+ regulatory T lymphocytes (Tregs) to
promote tumor progression [44]. Therefore, the inhibitory
role of dopamine on Treg function supports dopaminergic
pathways as a druggable target to develop innovative anti-
tumor strategies [45].

The existence of different subtypes of DRs in the cancer
cells and immune effector cells suggest the roles of dopa-
mine in the regulation of tumor development. Agonists/
antagonists for DRs hold considerable promise as ther-
apeutic drugs in cancer treatments. The DRD2 receptor
agonist is available in clinical use for the treatment of
hypertension. Therefore, these safe and effective with
manageable side effects can be taken consideration into
future clinical trials for the treatment of cancer.

Gamma-aminobutyric acid

GABA is the major inhibitory neurotransmitter for cells of
the central nervous system (CNS) in adult mammals. Three
different types of receptors for GABA (A, B, and C) have
been identified: the ionotropic GABAA and GABAC

receptors and the metabotropic GABAB receptor. The oli-
gomeric chloride channel GABAA and GABAC are het-
eromeric complexes composed of five subunits, while the
GABAB receptor is a member of the serpentine coupled to
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adenylyl cyclase. GABA receptors have been detected in
many tumor tissues and exert regulative effects in cancer
cell proliferation and migration [46–48] (Fig. 1c). GABA is
mainly derived from cancer cells and GABA content is
increased in several types of human tumors, including
glioma, gastric cancer, ovarian cancer, and breast cancer
[47, 49–52]. GABAA receptor is upregulated in prostate
cancer, breast cancer, and pancreatic cancer [53–55], while
GABAB receptor is downregulated in liver cancer and
pancreatic cancer [56, 57]. In most cases, GABA stimulates
cancer cell proliferation through the GABAA receptor
pathway and inhibits cancer cell growth through the
GABAB receptor [48]. The GABAA receptor agonist mus-
cimol increases cell proliferation of gastric cancer cells by
activating mitogen-activated protein kinases (MAPK).
Similarly, GABA through overexpressing a subunit of
GABAA, GABRP, increases intracellular Ca2+ levels and
MAPK/ERK cascade, and stimulates pancreatic cancer
growth [58]. Adversely, activation of GABAB receptors
strongly inhibits isoproterenol-induced cAMP, p-CREB,
cAMP response element-luciferase activity, and ERK1/2
phosphorylation, and effectively blocks DNA synthesis and
cell migration [59]. However, GABA or GABAB agonist
baclofen has been reported to promote the invasive ability
of prostate cancer cells through increasing EGFR transac-
tivation [60]. These findings suggest that different effects of
GABA activation on cancer growth/migration might be
cancer-specific or GABA receptor type-dependent. Differ-
ent from the mechanism mentioned above, our recent study
showed that the π subunit of GABAA receptor promotes
pancreatic cancer progression through tuning KCNN4-
mediated Ca2+ in a GABA-independent manner [54].
Intriguingly, GABA is present in the tumor microenviron-
ment raises the possibility that GABA might modulate the
inflammatory response by targeting the infiltrated immune
cells [54].

The GABAergic signaling system is critically implicated
in the immune system in response to diverse inflammatory
diseases and affects a variety of functional properties of the
immune cells like antigen-induced T-cell proliferation,
LPS-induced cytokine release, the cytotoxicity of effector
T-cells activity, and chemotaxis [61, 62]. GABA also
modulates cytotoxicity of immunocompetent cells expres-
sing GABAA receptor subunits [63]. Recently, our findings
revealed that GABRP regulates macrophage recruitment in
pancreatic cancer by upregulating expression of CXCL5
and CCL20 [54]. Nevertheless, much remains to be iden-
tified, as little is known about the roles and mechanisms
underlying GABA and the GABA signaling system in the
immune cells with the tumor microenvironment.

These findings above demonstrate that GABAergic sys-
tem could reflect an antitumor activity by modulation of
cancer cells and inflammatory response, and therefore point

towards the GABAergic system as potential therapeutic
target. Actually, GABA is widely used in medicine as a
hypotension inducer, tranquilizer, and antidiabetic agent
[64]. In addition, some GABA receptor agents can be used
for addiction treatment and sedation [65]. However,
observational epidemiological studies showed benzodiaze-
pine use increased the risk of breast cancer, brain cancer,
esophagus cancer, renal cancer, prostate cancer, liver can-
cer, gastric cancer, pancreatic cancer, and lung cancer in a
dose-dependent manner, and no significant association was
found in ovarian cancer, malignant melanoma, and colon
cancer [66]. Therefore, the consideration of GABAergic
agents for translational application in cancer therapy war-
rants further investigations.

Serotonin

Serotonin (5-Hydroxytryptamine, 5-HT) is a neuro-
transmitter synthesized in the serotonergic neurons in the
brain and in the enterochromaffin cells of the intestine.
Enterochromaffin cells contributes to more than 90% of the
body’s 5-HT and is the main source of peripheral 5-HT,
which is then stored at platelets. 5-HT plays critical cog-
nitive and behavioral functions in humans, including
memory, mood, emotions, wakefulness, sleep, appetite, and
temperature. 5-HT serves numerous important peripheral
functions, such as platelet aggregation, immune response,
bone development, insulin secretion, and systemic energy
homeostasis [67]. 5-HT exerts its multiple functions
through interaction with a multiplicity of receptors coupled
to various signaling pathway. To date, seven different
subtypes of receptors (5-HT1–7) have been identified.
Except for 5-HT3, a ligand-gated ion channel, all of the 5-
HT receptors belong to the family of G-protein-coupled
receptors. Specially, 5-HT1 and 5-HT5 receptors are Gi/o

coupled to adenylyl cyclase and downregulate cAMP. 5-
HT2 receptors are Gq/11 coupled to phospholipase C and
upregulate diacylglycerol (DAG) and inositol triphosphate,
resulting in intracellular Ca2+ release. The 5-HT5 receptor is
a pseudogene. 5-HT4, 5-HT6, and 5-HT7 receptors are Gs

coupled to adenylyl cyclase and upregulate cAMP. In
addition to its known functions as a neurotransmitter, 5-HT
is identified as a potent mitogenic factor for many types of
tumor cells and nontumoral cells, such as fibroblasts,
smooth muscle cells, osteoblasts, mesangial cells, and
endothelial cells [68, 69]. Dysregulation of epithelial
homeostatic systems is responsible for the initiation and
development of cancers. 5-HT is known to regulate epi-
thelial homeostasis of the mammary, lung, pancreas, liver,
and prostate. Dysregulated 5-HT signaling is frequently
observed in epithelial tumors [70, 71]. Emerging data have
elucidated the tumor biology of 5-HT. 5-HT was also found
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to promote cell proliferation in prostate cancer, breast can-
cer, and melanoma via different 5-HT receptors [72–74]. In
liver cancer, 5-HT promotes tumor growth by inhibiting
autophagy and inhibition of 5-HT signaling by targeting 5-
HT2B receptor consistently impairs tumor growth [75].
Recently, we demonstrated that human pancreatic cancer
tissues have increased levels of 5-HT, and pancreatic cancer
cells increase expression of its receptor, HTR2B. These
increases allow for tumor glycolysis under metabolic stress
and promote growth of pancreatic cancer [76]. Furthermore,
platelet-derived 5-HT also promotes tumor angiogenesis,
tumor growth, and the metastatic potential of cancer cells
[77]. Notably, depletion of 5-HT and selective inhibition of
5-HT2B receptor suppressed tumor angiogenesis by inhi-
biting endothelial nitric oxide synthase and p-ERK1/2 [78].
These investigations suggest that 5-HT signaling is criti-
cally involved in the development and progression of can-
cers (Fig. 1d). Notably, 5-HT is a substrate for protein
posttranslational modification, known as serotonylation
[79]. Therefore, the serotonylation process might be a novel
molecular mechanism underlying 5-HT-mediated onco-
genic functions.

5-HT is a versatile molecule in modulating immunolo-
gical functions [80]. It regulates diverse immune processes,
such as chemotaxis, leukocyte activation, proliferation,
cytokine secretion, and anergy. These mechanisms are cell-
specific and depend on three major components of 5-HT
system: (1) membrane receptors that regulate the response
to 5-HT, such as SERT and 5-HTR; (2) downstream
transduction signals; and (3) enzymes responsible for 5-HT
metabolism, such as indoleamine 2,3-Dioxygenase 1 and
monoamine oxidase, which can generate biologically active
catabolites, including kynurenines and kynurenamines.
However, the role of serotonergic system in tumor micro-
environment is largely unexplored. In mouse models of
melanoma, the antidepressants selective serotonin reuptake
inhibitor (SSRI) treatment exhibits an anticancer effect by
influencing cytokine secretion [81]. The SSRI fluoxetine
treatment increases the number of breast cancer brain
metastases, an effect accompanied by proinflammatory
changes in the brain [82]. In addition, 5-HT promotes
angiogenesis by influencing MMP-12 expression in tumor-
infiltrating macrophages, thereby affecting the production of
circulating angiostatin [83]. Although further investigations
are required, these findings suggest that the 5-HT system
can impact cancer cells directly or indirectly through its
immunomodulatory functions.

As accumulating evidences have demonstrated the role
of 5-HT signaling in cancers, therapeutic approaches tar-
geting 5-HT signaling are of great translational significance
[70]. Diverse agonists and antagonists are available for 5-
HT signaling. Drugs used in neurological disorders, such as
paliperidone, pimozide, and risperidone, the potent and

well-tolerated inhibitors at 5-HT7, are under investigation
for glioblastoma treatment [84]. Moreover, cyproheptadine,
a 5-HT antagonist, has recently been reported to exhibit
antitumor activity in urothelial carcinoma cells by targeting
GSK3β to suppress mTOR and β-catenin signaling path-
ways [85]. Notably, our group has demonstrated that
SB204741, a specific antagonist for HTR2B, showed sig-
nificantly inhibitory effects on tumor growth of pancreatic
cancer by suppressing Warburg effect [76]. Thus, pharma-
cological regulation of the 5-HT system may represent a
promising antitumor avenue through inhibiting the respec-
tive 5-HT tumorigenic actions, and provide therapeutic
alternatives for these deadly diseases.

Acetylcholine

Ach, synthesized from choline and acetylCoA by the cho-
line acetyltransferase enzyme, is a well-known neuro-
transmitter of the cholinergic system. Besides neurons, Ach
synthesis has been found in a variety of nonneuronal cells,
including epithelial (airways, alimentary tract, urogenital
tract, and epidermis), mesothelial (pleura and pericardium),
endothelial cell, adipocytes, fibroblasts, immune cells, and
cancer cells [86]. The nonneuronal Ach is known to parti-
cipate in cell proliferation, migration, differentiation,
apoptosis, angiogenesis, secretion, cytoskeletal, and
immune functions [87] (Fig. 1e). Therefore, tumor cells-
derived Ach can act as an autocrine growth factor to pro-
mote tumor progression through binding to their receptors.
Two classes of Ach receptors, the nicotinic acetylcholine
receptors (nAchRs), and muscarinic receptors (mAchRs),
have been identified. The nAchR, figured by different alpha
(α2–10) and beta (β2–4) subunits, is a Ca2+ or Na+ ion
channel comprised of five homolog transmembrane proteins
symmetrically arranged from a central cation-selective pore.
The mAchR belongs to the superfamily of GPCRs that
activates second messenger pathways. Five subtypes of
mAchR have been identified, M1–M5. The M1, M3, and
M5 subtypes of mAchRs belong to Gq/11 family, whereas
the M2 and M4 subtypes are related to Gi/o family.

A great number of researches have documented that 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, a
tobacco-specific nitrosamine) act as a carcinogen in pro-
moting the initiation and progression of various cancers
through nAchRs, such as lung cancer, gastric cancer, pan-
creatic cancer, and breast cancer [88, 89]. Activation of
nAchR results in Ca2+ flows inside the cell and contributes
to cell proliferation, differentiation, epithelial-mesenchymal
transition, angiogenesis, migration, and invasion [90, 91].
The activation of nAchR is also able to crosstalk with other
neurotransmitter receptors and in turn induces the activation
of multiple cascades including PKC/ERK1/2, COX2,
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PGE2, CREB, SRC, AKT, Ras-RAF1, and the MAPK
cascade, which ultimately contributed diverse malignant
phenotypes in cancers [92]. Specifically, nAchRs can inhi-
bit drug-induced apoptosis through upregulating survivin,
X-liked inhibitor of apoptosis protein, BCL-2, and NF-κB
in pleural mesothelioma and breast cancer. Moreover,
dysregulation of mAchRs is profoundly involved in the
progression of different cancers. Ach can stimulate NSCLC
cell proliferation through M3R-mediated activation of Akt
and MAPK [93]. Administration of a muscarinic agonist
suppresses pancreatic cancer tumorigenesis through inhibi-
tion of MAPK and PI3K/AKT signaling [94]. In gastric
cancer, Dclk1+ tuft cells and nerve fibers-released Ach
activates M3R to promote tumor progression by stimulating
EGFR signaling [95] and Wnt and YAP pathways [96].
Consistently, activation of M3R can facilitate tumor inva-
sion and metastasis by upregulation of MMPs in colon
cancer [93]. These studies suggest a therapeutic potential for
targeting M3R in cancers. Indeed, pharmacological inhibi-
tion or genetic knockout of the M3R in gastric cancer leads
to inhibition of Wnt signaling and suppression of stem cell
expansion [97].

Ach is profoundly involved in the modulation of
inflammatory response [98]. Actually, elegant studies have
defined the “cholinergic anti-inflammatory pathway” that
highlights a unique role for the vagus nerve to inhibit the
proinflammatory cytokine production [99]. Mast cells,
macrophages, dendritic cells, mononuclear lymphocytes,
neutrophils, and eosinophils are endowed with mAChRs
and nAChRs, which can be activated via both autocrine and
paracrine mechanisms [98]. The implications of cholinergic
system in immune cell have been broadly demonstrated.
However, limited evidence exists regarding the role of Ach
on immune response at the level of tumor microenviron-
ment. In a mouse model of pancreatic cancer, treatment with
bethanechol suppresses TNFα levels in the spleen and cir-
culation and reduces number of CD11b+ myeloid cells in
the pancreata, suggesting that enhanced cholinergic signal-
ing contributes to an antitumor immune microenvironment
in pancreatic cancer [94].

For cancer pharmacotherapy, both the nicotinic and
mAchR antagonists are under investigation [100]. Different
AChRs have been identified in specific cancer cell types.
The α7-nAChR and M3-mAChR are the most common Ach
receptors in cancers. Different approaches have been
developed to inhibit or modulate α7-nAChR activity
including gene silencing, antagonists (D-tubocurarine and
α-bungarotoxin), and allosteric drugs (SLURP1) [101]. And
all these methods are sufficient to block the nAChRs-
downstream signaling. Despite the presence of solid basis to
exploit α7-nAChR antagonists for cancer treatment, more
investigations are needed before potential clinical utiliza-
tion, especially its pharmacological efficiency in preclinical

models. Meanwhile, inhibition of M3-mAChR by antisense
or antagonists (darifenacin, tiotropium, and others) reduces
cell proliferation of colon cancer [102]. However, several
antagonists targeting M3-mAChR show similar equilibrium
binding affinities to other mAChRs. Therefore, new drugs
displaying M3 kinetic selectivity may potentiate the treat-
ment of a large variety of severe clinical diseases, especially
cancers [102]. Taken together, targeting AChRs should
have salient translational implications.

Glutamate

Glutamate is the most important excitatory neurotransmitter
in the mammalian CNS, involved in affective, sensory, and
motor function, as well as learning, memory, and synaptic
plasticity. Glutamate is also actively involved in biosyn-
thetic, bioenergetics, metabolic, and oncogenic signaling
pathways [103, 104]. Glutamate receptors are divided into
two main groups: the metabotropic glutamate receptors
(mGluRs), which belong to the superfamily of GPCRs, and
ionotropic glutamate receptors (iGluRs), which form ligand-
gated ion channels. Based on sequence homology, phar-
macological and intracellular signaling mechanisms,
mGluRs are further categorized into three groups. Group I
mGluRs: mGluR1 and mGluR5 are coupled to the Gq

proteins and their activation stimulates PLC. In contrast,
mGluRs of groups II (mGluR2 and mGluR 3) and III
(mGluR4, mGluR6, mGluR7, and mGluR8) are all nega-
tively coupled to adenylate cyclase. Similarly, the iGluRs
comprise three subgroups based on structural similarities
and named according to the type of synthetic agonist that
activates them: N-methyl-D-aspartate receptors, amino-3-
hydroxy-5-methyl-4-isoxazolepropionate receptors, and 2-
carboxy-3-carboxymethyl-4-iso-propenylpyrrolidine (kai-
nate) receptors.

In addition to synaptic transmission, aberrant glutamate
signaling has been demonstrated to participate in the
initiation and progression of a broad spectrum of cancers,
including glioma, melanoma, breast cancer, and prostate
cancer, suggesting the oncogenic functions of glutamate
signaling in cancers [103–107]. For instance, triple-negative
breast cancer cells secrete glutamate, which is both neces-
sary and sufficient for the paracrine induction of HIF1α,
resulting in tumorigenesis [105]. The glutamate-mGluR
axis can activate phosphoinositide 3-kinase through phos-
phorylation of p110β to facilitate prostate cancer progres-
sion [107]. A tremendous amount of work has been
emerged on the role of GluRs in the tumor biology (Fig. 1f).
Although we will not focus on the relevance of mGluRs and
iGluRs in cancer pathogenesis including expression pattern,
signaling pathway, and therapeutic strategies, this issue has
been addressed in detail in two recent review articles
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[103, 104]. In particular, glutamate affects the immune
activity and GluRs are expressed in various immune cells;
and the abnormal expression and function of the receptors
in immune cells in many diseases, such as multiple sclerosis
and amyotrophic lateral sclerosis, but not cancers [108].
Noteworthy, our knowledge achieved so far the opens up
great opportunities for developing therapeutic agents tar-
geting glutamate signaling, but further investigations are
deserved to confirm the roles of glutamate signaling in
immune microenvironment in tumors, which is crucial to
the outcome of patients suffered from cancers.

Neuropeptides

Neuropeptides are small protein-like molecules used by
neurons to communicate with each other. Different neuro-
peptides are involved in a wide range of brain functions,
including analgesia, reward, food intake, metabolism,
reproduction, social behaviors, learning, and memory.
Neuropeptides can also function peripherally as paracrine
and endocrine factors to regulate diverse physiologic pro-
cesses, such as exocrine and endocrine secretion, smooth
muscle contraction, pain transmission, fluid homeostasis,
blood pressure, and inflammation [109]. Apart from these
traditional roles, the tumor-promoting roles of neuropep-
tides are widely reported [1, 110]. Several neuropeptides
have been well studied in cancers, especially SP and NPY
[111, 112]. In most cases, the receptors of neuropeptides are
members of the superfamily of GPCRs. For example, the
biological action of SP is mainly mediated by the
neurokinin-1 (NK-1) receptor, which is coupled to Gq

family of G proteins and its activation leads to the formation
of two-second messengers: inositol 1,4,5-triphosphate (IP3)
and DAG [113].

The SP/NK-1 system is frequently dysregulated and
widely involved in the pathogenesis of cancers. SP has been
implicated in cell proliferation, apoptosis, angiogenesis,
migration, and invasion of many cancers, including glioma,
melanoma, osteosarcoma, colon, pancreatic, gastric, larynx,
and lung carcinoma [111, 113]. Both in vitro and in vivo
observations have demonstrated that pharmacological inhi-
bition of NK-1 receptor with specific antagonists (aprepi-
tant, fosaprepitant, L-732,138, and L-733,060) results in
pronounced antitumor effects [114, 115]. Another neuro-
peptide, NPY, has been implicated as a growth-promoting
factor in various cancers, including neuroblastoma, Ewing
sarcoma, breast, and prostate cancer [112, 116]. In addition
to the role of NPY on tumor growth and vascularization,
emerging studies provide insight into the potential role of
NPY in the metastatic and chemoresistant phenotype of
cancer cells [117, 118]. Of particular importance are inter-
actions of the NPY system with the tumor microenviron-
ment. NPY released from tumor cells acts on its receptors
expressed on the endothelial cells or immune cells, altering
tumor-associated angiogenesis and inflammation and ulti-
mately promoting tumor progression. Except for SP and
NPY, neuropeptides including but not limited to opioids,
CGRP, VIP, bombasin, and neurotensin have been broadly
reported to be involved in cancer development
[59, 92, 119–122]. While the investigations on deciphering
the mechanisms by which neuropeptides modulate onco-
genic processes underlying tumor progression is still in
progress, the existing evidence eloquently support the

Fig. 2 Neurotransmitters are an active component of the tumor
microenvironment. Neurotransmitters released by neuro-endocrine-
immune system and other tissues or cells can promote cancer cell
proliferation, migration, and invasion through the stimulation of spe-
cific membrane receptors. Moreover, neurotransmitters can affect

tumor angiogenesis and inflammation by targeting immune cells and
endothelial and stromal cells infiltrated in the tumor microenviron-
ment. NE Norepinephrine, E Epinephrine, Ach Acetylcholine, 5-HT
serotonin, GABA Gamma-aminobutyric acid

510 S.-H. Jiang et al.



promise of the neuropeptides and its receptors as therapeutic
targets in oncology.

Neurotransmitter effects on the tumor
microenvironment

The tumor microenvironment is crucial to tumor develop-
ment and progression. Aside from cancer cells and immune
cells, the regulation of endothelial and stromal cell by neu-
rotransmitters may also constitute a mechanism for tumor
progression (Fig. 2). It is well documented that angiogenesis
or neovascularization is essential for the growth and
metastasis of malignant cancers. There is extensive evidence
that endothelial cells express neurotransmitter receptors and
can be stimulated by exogenous neurotransmitters to for-
mation of neovessel [37]. For instance, dopamine can
mobilize endothelial progenitor cells from the bone marrow
and their subsequent participation contribute to neovascu-
larization and tumor growth. Sympathetic adrenergic nerve-
derived NE can stimulate β-AR signaling in endothelial cells
to drive tumor angiogenesis [13]. Stromal cells are common
constituent of the tumor microenvironment and endorse the
carcinogenic process in multiple ways. Neurotransmitters
also play a role on the stromal cells. In a landmark paper,
Magnon et al. have demonstrated that activation of β2- and
β3-adrenergic receptors expressed on stromal cells promotes
the survival of prostate cancer cells and the tumor initiation
[10]. Thus, the influences of neurotransmitters in tumor
development and progression encompass a direct role on
tumor growth and metastasis, not only through cancer cells
and stromal cells, but also via the endothelial cells and
immune cells to promote angiogenesis, lymphangiogenesis
and inflammatory response. However, more studies are
encouraged to fully uncover the networks of cellular and
molecular interactions involved.

Conclusions and future perspectives

Our knowledge regarding the regulatory role neuro-
transmitter system in tumor initiation and progression is
constantly evolving. The neurotransmitters differentially
regulate a plethora of activities of cancer cells, endothelial
cells, and immune cells in many types of human cancers.
The understanding of this expanded role of neurotransmitter
system in tumor biology and the tumor microenvironment
opens up new opportunities for developing targeted thera-
pies for cancerous disease. In translational terms, many
classical drugs related to neurotransmitters such as β-AR
antagonists, serotonin receptor antagonists, AChR antago-
nists, and DR agonist might have clinical implications in
cancer treatment and act as promising candidates for

combined drug therapy. Moreover, targeting neurotrophic
signaling to prevent neoneurogenesis and surgical or che-
mical denervation should be further explored as therapeutic
approaches for cancers. Interestingly, recent findings sug-
gest that several neurotransmitters (5-HT, dopamine, NE,
and histamine) might serve as substrates to participate
protein posttranslational modification, such as the known
histone serotonylation [123, 124]. Therefore, SSRIs or
other small molecules acting on biogenic amines or trans-
glutaminase may prove to be an innovative therapy in
oncology. However, further investigations are warranted to
consolidate the inclusion of these medicines in the arsenal
of cancer therapy and to avoid side effects.FundingThis
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