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Abstract
Several studies have largely focused on the significant role of the nervous and
immune systems in the process of tumorigenesis, including tumor growth,
proliferation, apoptosis, and metastasis. The brain-gut-axis is a new paradigm in
neuroscience, which describes the biochemical signaling between the
gastrointestinal (GI) tract and the central nervous system. This axis may play a
critical role in the tumorigenesis and development of GI cancers. Mechanistically,
the bidirectional signal transmission of the brain-gut-axis is complex and remains
to be elucidated. In this article, we review the current findings concerning the
relationship between the brain-gut axis and GI cancer cells, focusing on the
significant role of the brain-gut axis in the processes of tumor proliferation,
invasion, apoptosis, autophagy, and metastasis. It appears that the brain might
modulate GI cancer by two pathways: the anatomical nerve pathway and the
neuroendocrine route. The simulation and inactivation of the central nervous,
sympathetic, and parasympathetic nervous systems, or changes in the
innervation of the GI tract might contribute to a higher incidence of GI cancers. In
addition, neurotransmitters and neurotrophic factors can produce stimulatory or
inhibitory effects in the progression of GI cancers. Insights into these mechanisms
may lead to the discovery of potential prognostic and therapeutic targets.

Key words: Brain-gut axis; Gastrointestinal cancer; Neurotransmitters; Neuropeptides

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Although studies have revealed the role of the brain-gut axis in cancer, the
bidirectional signal transmission of the brain-gut axis remains unclear. This review
summarizes current findings concerning the relationship between the brain-gut axis and
gastrointestinal (GI) cancer and focuses on the significant role of the brain-gut axis in
tumorigenesis and cancer progression, including tumor proliferation, invasion, apoptosis,
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E-Editor: Wang J autophagy, and metastasis. The central nervous, sympathetic, and parasympathetic
nervous systems, neurotransmitters, and neuropeptides may regulate the malignant tumor
phenotype in GI cancers. An insight into these mechanisms may lead to the discovery of
potential prognostic markers and new targets for GI cancer therapy.
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URL: https://www.wjgnet.com/2307-8960/full/v7/i13/1554.htm
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INTRODUCTION
Gastrointestinal (GI) cancer is one of the most common malignancies worldwide[1]. In
the last few decades, the incidence and mortality of GI cancers have markedly increa-
sed, with a recent trend toward younger individuals. Although advances in clinical
diagnosis and comprehensive therapy have partly prolonged survival and improved
quality of life, the progression-free survival and overall survival rates of GI cancers
have not improved[2,3]. Many researchers have focused on the immune system and
related cellular  signaling pathways in the recognition and elimination of  cancer
cells[4-6]. Like the immune system, the nervous system has emerged as a new paradi-
gm. The “brain-gut axis” is thought to have an important role in the progression and
metastasis of GI cancers[7].

Broadly defined, the brain-gut axis includes the central nervous system (CNS), the
autonomic  nervous  system  comprised  of  the  sympathetic  and  parasympathetic
systems,  and the gastric  or  gut microbiota.  The concept of  brain-gut axis,  which
describes the interaction between the brain and the gut, was proposed early in the
twentieth century. The brain-gut axis represents a bidirectional relationship of the
brain-to-gut modulation of GI function, and a gut-to-brain pathway. The gut can
synthesize and secrete a range of neuroactive molecules that cross the blood-brain
barrier and influence the function of the CNS[8]. Likewise, some neuroactive molecules
can be conveyed from the brain to the gut by the sympathetic and parasympathetic
systems, or the humoral pathway[9].  These findings indicate that the nervous and
humoral pathways could convey signals from tumor cells to the brain, followed by
brain-mediated modulation of tumor growth in the peripheral tissues. Furthermore,
recent studies have suggested that neural signaling molecules are involved in the
tumorigenesis and progression of GI cancers[7,10]. However, the mechanism of modula-
tion from the brain to the gut remains unclear. Several studies in the past few decades
have suggested that the nervous system might modulate tumor cell proliferation and
metastasis via  several pathways, including the parasympathetic pathway and the
sensory nerves[11].  This neurobiological conclusion of cancer etiopathogenesis was
based on several findings, including nerve infiltration of tumor tissues, the effects of
stimulation or lesions of the CNS, and the effects of neurotransmitters or neuropep-
tides on tumor incidence and progression.

In this review, we summarize the latest studies on the mechanisms by which the
brain-gut axis regulates oncogene activation and tumor promotion or suppression,
including the anatomical nerve pathway and the neuroendocrine-immune system.
These findings may inform studies involving the search for new therapeutic targets
for GI cancer treatment.

Innervation of tumors
Tumor occurrence and development can be affected by the tumor microenvironment
and signaling molecules. Recent studies have indicated that nerves can infiltrate and
innervate tumors in many malignancies, including pancreatic cancer[12],  colorectal
cancer (CRC)[13], biliary tract cancer[14], and gastric cancer[15]. These findings suggest
that tumor innervations are closely associated with poor clinical outcomes[16]. Con-
sistent with this, approximately 60% of gastric cancer tissues are capable of perineural
invasion, and the overall survival of these patients is significantly worse than that of
patients without perineural invasion. In addition, neural invasion was positively
related to vascular invasion and lymph node metastasis[17]. A study involving CRC
reported an overall survival rate of 25% in patients with neural invasion compared to
72% for patients without neural invasion[18-21]. Almost all cases of pancreatic ductal
adenocarcinoma feature neural invasion. The median overall survival for patients
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without neural invasion is longer than that for patients with neural invasion (56 mo vs
28 mo)[22-24]. Recent experimental data suggest that this process may be regulated by
neurotrophic factors that promote regeneration of axons of the adjacent nerve cells,
followed by gradual invasion into the tumor[25]. The nerve cells also synthesize and
secrete  neurotransmitters  or  neuropeptides,  which  may  constitute  a  positive
microenvironment for cancer survival and proliferation. Besides, the infiltrative nerve
fibers may act as a physical support for cell migration and metastasis. These hypoth-
eses are supported by the observations that pancreatic cancer cells are more aggre-
ssive and have a lower apoptotic ratio when located in close proximity to a nerve
space[26].

Role of the CNS
Many studies  have  shown that  several  stimulations  and lesions  of  the  CNS can
promote proliferation and metastasis of cancer cells by regulating specific immune
functions and electrical activity. Electrical impulses from the lateral hypothalamus can
significantly  enhance the cytotoxicity  of  natural  killer  (NK) cells,  which may be
positively correlated with the prognosis of cancer patients. Cytotoxicity can be signifi-
cantly suppressed when the lateral hypothalamus is injured. However, some studies
have shown an opposite reaction to chronic electrical stimulation from the ventrome-
dial hypothalamic nucleus. Other studies have suggested a close relationship between
pinealectomy and the higher incidence of breast cancer in mice, and the lower inci-
dence when melatonin is administered.

Furthermore, some studies have suggested that the activation of the hypothalamic-
pituitary-adrenal axis in patients with depression could induce DNA repair deficiency
and angiogenesis, which may promote cell survival and eventually tumorigenesis.
The inactivation of sensory neurons induced by capsaicin might promote the invasion
and metastasis of tumor cells. When the brain-gut axis is activated, the brain might
react  to the cancer cells  with neuroendocrine-immune and behavioral  responses,
including the involvement of neuropeptides, neurotransmitter metabolism, regional
brain activity, and behavior changes[27]. Researchers have found that some areas of the
CNS are in a depressive state in patients with GI carcinoma[28,29]. A neuroendocrine-
immune perspective of cancer might offer a better explanation for the age-related
increased incidence in stomach cancer.  In addition,  the effects  of  aging on DNA
damage and repair in the CNS might also partly explain the increasing cancer inci-
dence rate in older people[30]. Age-related changes in brain innervation of the GI tract
might increase inflammatory reaction in the gut and lead to a higher incidence of GI
cancers[31].  Therefore,  drugs  that  can  modulate  the  CNS  or  signal  transmission
between nerves and tumor cells may provide a new avenue for cancer treatment.

Role of the peripheral nervous system
The sympathetic and parasympathetic nervous systems mainly comprise peripheral
nerves involved in the regulation of basic electric rhythm, neural conduction, and
signal integration. The sympathetic nervous system, especially the activation of the
sympathoadrenal axis, promotes tumorigenesis in the GI tract[32,33]. A recent study
demonstrated that chemical  sympathectomy with 6-hydoxydopamine (6-OHDA)
evidently reduced the incidence of colon cancer in Wistar rats[34]. They speculated that
three mechanisms could be responsible. First, 6-OHDA may exert an immunomo-
dulatory effect on humoral immune responsiveness. Second, chemical sympathe-
ctomy might decrease the activity of acetylcholinesterase in both the pre- and post-
ganglionic synapses of the parasympathetic system. Third, the adminis-tration of 6-
OHDA could result in selective damage to catecholaminergic neurons in the periphe-
ral nervous system and CNS. Moreover, the activation of the sympathetic nerves
might also promote proliferation and metastasis of pancreatic ductal adenocarcinoma
cells[35].

The role of the parasympathetic nervous system in GI cancers has been extensively
investigated. Surgical therapy, such as vagotomy for gastric ulcers, has provided an
opportunity for researchers to understand the effect of vagotomy on cancer incidence
in humans. Some retrospective studies have showed that vagotomy could increase the
risk of gastric cancer[36,37]. Several other studies revealed that the inactivation of the
vagus nerve substantially promoted liver,  kidney, and lung cancer metastasis by
upregulating the levels of substance P (SP). Therefore, the vagus nerve might protect
against metastasis[38]. Nevertheless, another study demonstrated that the activation of
the vagal nerve could contribute to gastric tumorigenesis by M3 receptor mediated
Wnt signaling in stem cells, suggesting that the vagal denervation might be a feasible
strategy for the management of gastric cancer[39]. The contentious results from the
above studies reflect that the risk of cancer in patients after vagotomy may be due to
other factors that are important in tumorigenesis, such as Helicobacter pylori infection,
hypochlorhydria, smoking, and bile reflux[36,37,40,41]. The chemotherapy drug vincristine
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can induce vagal neuropathy and disrupt the potential modulatory effects on tumor
metastasis[42].

IMPORTANT NEUROTRANSMITTERS AND
NEUROPEPTIDES IN GI CANCER
The homeostasis in mammalian bodies is regulated by the nervous, endocrine, and
immune systems[43]. The brain-gut axis is a complicated means of communication in
the CNS, enteric nervous system, and endocrine-immune system, which is important
in tumorigenesis and development. The widely distributed neuropeptides and neuro-
transmitters are responsible for information exchange between the brain and gut[44].
Growing evidence suggests that neurotransmitters and neuro-peptides are involved
in the modulation of tumor proliferation, migration, invasion, and angiogenesis. Here,
we discuss recent advances in the understanding of neural signaling in cancer and its
potential implications in cancer therapy.

Epinephrine/norepinephrine and GI cancer
Epinephrine and norepinephrine are crucial mediators of the stress response due to
their rapidly increased concentration in response to stress events. Both of them exert
their effects by binding to α or β-adrenergic receptors (ARs)[44]. Recent studies have
shown that chronic stress can result in angiogenesis and tumor growth in a mouse
model of CRC through the catecholamine and adrenoceptor system. Epinephrine is
involved in stress-induced tumorigenesis and progression in GI cancer by activation
of ARs.

A variety of studies have confirmed that epinephrine promotes growth, invasion,
and angiogenesis  of  malignant  cells  by  upregulating  the  expression of  vascular
endothelial growth factor, matrix metalloproteinase (MMP)-2, and MMP-9, which are
critical proteins related to carcinogenesis[45-47]. The activation of β-adrenoceptors may
promote cell growth and proliferation in gastric cancer[48]. This effect can be prevented
by the beta-blocker propranolol[49]. Additionally, a previous study demonstrated that
epinephrine promotes proliferation of esophageal squamous cell carcinoma cells via
beta-adrenoceptor-dependent transactivation of the extracellular signal-regulated
kinase (ERK)/cyclooxygenase-2 pathway. Inhibition of the postganglionic parasym-
pathetic fiber can significantly decrease the proliferation and metastasis of HT-29
colon cancer cells[50]. In an in vitro study, epidermal growth factor (EGF) promoted
esophageal cancer cell proliferation by enhancing the expression of tyrosine hydroxy-
lase and the cellular secretion of epinephrine; these effects could be attenuated by
beta-adrenoceptor antagonists[51].

Mechanistically,  certain  classical  signaling pathways have been implicated in
esophageal cancer cell proliferation[52]. A study involving CRC suggested that adre-
naline  could  promote  cell  proliferation  and  migration  via  activation  of  the  β-
adrenergic receptor (β-AR)–cyclic AMP (cAMP)–protein kinase A (PKA) pathway[53].
Another  study confirmed that  the β-AR-camp-PKA signaling pathway might  be
involved in the vascularization and metastasis in colon cancer. There is substantial
evidence  confirming  that  MMP-3,  -7,  and  -9  play  key  roles  in  the  invasion  and
metastasis of gastric cancer cells[54]. Epinephrine can bind to the promoter region of
MMP-7 and upregulate its expression depending on the activation of signal transdu-
cer and activator of transcription 3 and activator protein 1 (AP1), thereby mediating
the invasion and metastasis of gastric cancer cells. Conversely, the classical β-blocker
propranolol can inhibit the migration and invasion via down-regulation of MMP-7
expression[55], indicating that beta-adrenoceptor antagonists might be useful phar-
macological tools for the treatment of metastatic cancer. Taken together with the anti-
proliferative action of beta-adrenoceptor antagonists on tumor cells, it seems that
adrenoceptor antagonists might be capable of inhibiting primary cancer cell growth
and counteracting the migration and metastasis of primary tumors. The data provide
solid evidence of the potential value of β-adrenoceptor antagonists as pharmaco-
logical tools for the therapy of metastatic cancer.

Acetylcholine and GI cancer
Acetylcholine is a neuron neurotransmitter that produces excitatory and inhibitory
outputs in the neural system. Acetylcholine function is mediated by nicotinic receptor
(n-AchR) and muscarinic acetylcholine receptor (mAchR). Nicotine, the main harmful
ingredient of cigarettes, promotes proliferation and invasion of various cancer cells in
vitro and tumor growth and metastasis in vivo by activating nicotinic nAchRs.

Schaal et al[56] first postulated the potential activating role of nAchRs in cancer cells.
The authors demonstrated the binding of the tobacco-specific nitrosamine, 4-(me-
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thylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), to n-AchR with higher affinity
than  the  natural  ligand,  acetylcholine.  Furthermore,  NNK  exhibited  a  great
carcinogenic potential by promoting the differentiation and proliferation of lung,
colorectal, and stomach cancer cells[56]. Multiple pathways appear to be involved in the
activation of nAchR, which can enhance colorectal tumor promoting events. Nicotine
treatment increased the stemness property of colon cells by upregulating the expres-
sion of sex determining region Y-box 2 and aldehyde dehydrogenase, and enhancing
cancer stem cell populations. These effects were exerted mainly through activation of
α7 n-AchR/AKT and mitogen-activated protein kinase (MAPK) signaling pathways.
Other studies found that nicotine activated ERK1/2 and upregulated the levels of
VEGF and MMP-9, molecules belonging to recognized proliferation and survival-
related signaling pathways in pancreatic cancer cells.  However, in gastric cancer,
nicotine and NNK enhanced cell proliferation significantly through a different mecha-
nism. The former activated the ERK1/2 pathway, while the latter was dependent on
p38 MAPK[57].

Nicotinic can regulate the synthesis and release of catecholamines from sympa-
thetic nerve endings and the adrenal medulla. Therefore, it  is not surprising that
nicotine and NNK extracts promote cell proliferation in a variety of human cancer
cells, from the upper to the lower GI tract, through n-AchR and beta-adrenoceptors.
Nicotine reportedly induces epinephrine production in colon cancer cells, and beta-
adrenoceptor antagonists can abrogate the nicotine-stimulated tumor growth in a
dose-dependent manner in mice. Other authors suggested that nicotine decreases the
production of gamma-aminobutyric acid (GABA)[53] by reducing the activity of GAB
A-synthesizing enzymes in pancreatic ductal adenocarcinoma.

The other receptor, mAChR, is also overexpressed in colon carcinoma and stomach
cancer[58].  It  has been demonstrated that  mAChR can increase the migration and
invasion of CRC cells by transactivation of the EGFR-ERK pathway. The demon-
stration that acetylcholine is involved in epithelial mesenchymal transition (EMT) and
increases the expression of several markers via the M3 muscarinic receptor (M3R) has
provided an insight into the mechanisms of gastric cancer growth and metastasis and
will inform the discovery of new targets for gastric cancer treatment[59].

Serotonin and GI cancer
Serotonin, which is chemically termed 5-hydroxytryptamine (5-HT), is a monoamine
neurotransmitter that is synthesized by serotonergic neurons and enterochromaffin
cells of the gut mucosa. The gut is the main source of 5-HT in the body, especially in
the enterochromaffin cells of the GI tract. Recent evidence has implicated serotonin as
a regulator of proliferation, regeneration, and repair in tumor biology[60]. Foregut and
midgut carcinoids usually contain higher levels of serotonin than the hindgut carcin-
oids[61].  5-HT receptors  are overexpressed in the small  intestinal  neuroendocrine
tumor tissues, especially in high-grade tumor cells. 5-HT is a potential mitogen for
many types of tumor cells, including bladder, pancreas, lung, and especially, colon
cancer cells. The mitogenic effect of 5HT in small cell lung cancer cells involves both
5HT1A and 5HT1D receptor  types[62].  The  blockade of  serotonin  receptors  by  2-
bromolysergic acid diethylamide reputedly results in a decreased mitotic rate in
tumor cells[63].

Serotonin has been demonstrated to be upregulated in colon carcinoma tissues, and
exogenous serotonin can promote the proliferation of CRC cells. Indirect evidence
suggests that the effect of this amine on colonic tumors involves a cellular uptake
mechanism. Furthermore, citalopram and fluoxetine, which are two specific inhibitors
of serotonin uptake, significantly suppressed cell division in dimethylhydrazine-
induced colonic  tumors in rats,  and retarded the growth of  CRC cells  of  human
colonic tumors that had been propagated as xenografts in immune-deprived mice[64].
5-HT also promoted angiogenesis, but not proliferation, in a colorectal tumor animal
model[53]. The authors maintained that the specific mechanism involved 5-HT, which
significantly down-regulated the expression of MMP-12, resulting in the secretion of
an endogenous inhibitor of angiostatin[53]. The collective research data indicate that 5-
HT receptor antagonists may be potential anticancer agents for the effective treatment
of GI cancers.

Interestingly, Vicaut et al[65] reported a direct mitogenic effect of high doses of 5-HT
on tumor cells in athymic nude mice, whereas low doses of 5-HT inhibited tumor
growth by decreasing the oxygen tension and blood supply to the tumors. Another
study revealed that serotonin was involved in the induction of tumor ischemia by
constricting tumor-feeding arterioles and selective reduction of tumor blood flow,
which produced an anticancer  effect[66].  However,  El-Salhy et  al[67]  observed that
serotonin did not directly significantly affect tumor volume or weight, and did not
directly reduce the tumor blood vessel related volume density.  Furthermore, the
combination of serotonin, octreotide, and galanin had an antitumor effect, as eviden-
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ced by the marked effects on tumor size and apoptotic index[67].

Dopamine (DA) and GI cancer
DA is the precursor of adrenaline and norepinephrine, yet it has an opposite effect on
tumor growth[68]. Contrary to adrenaline and norepinephrine, which display a tumor
promoting activity in many stress-induced cancers, dopamine may exert negative or
positive effects on tumorigenesis. Peripheral DA is involved in tumor progression and
has anticancer effects on immunomodulation, including inflammasomes in cancer,
immune effector cells like T lymphocytes, myeloid-derived suppressor cells, tumor-
associated macrophages, and NK cells. Dopamine receptors (DRs) can be classified
into two types: D1-like (D1 and D5) and D2-like receptors (D2–D4), based on their
opposite functions on the accumulation of cyclic adenosine monophosphate (cAM-
P)[69].

A clinical research study reported that DA is significantly decreased in GI cancer,
especially  in  cancers  of  advanced  stages[70].  Evaluation  of  the  expression  of  D2
receptors in stomach tissue revealed a significant decrease in the concentration of DRs
in malignant stomach tissue compared to normal and benign controls,  while the
affinity of the receptors was similar. This alteration may be of significance in under-
standing the etiopathogenesis of gastric cancer on the basis of peripheral neurotrans-
mitters[70]. Accumulating evidence suggests that D1-like receptors (DRD1 and DRD5)
may have an inhibitory effect on cancer growth, including breast, colon, and gastric
cancers. For example, Kou et al[71] reported that DRD1 significantly suppressed the
expression and phosphorylation of  insulin-like growth factor 1 (IGF-1)  and thus
inhibited IGF-1 induced vascular smooth muscle cell proliferation. Another study
revealed that activation of DRD5 inhibited phosphorylation of both mTOR and its
downstream targets[72].

DRD2 was reported to be negatively correlated with survival durations of patients
with gastric cancer; DA inhibited the EGFR/AKT pathway and MMP-13 production
via D2R, and thus suppressed the invasion and migration of gastric cancer cells[73]. An
elegant study demonstrated that exogenous DA depressed tumor angiogenesis and
growth by activating its specific DR2 in several animal models, including ovarian,
gastric, breast, and colon cancer models[74]. The effect of DA in retarding angiogenesis
has been investigated in CRC. In these studies, DA reduced the tumor microvessel
density by suppressing the expression of VEGF and vascular permeability factor
(VPF).  Both  are  prime  cytokines  that  reportedly  induce  tumor  angiogenesis  by
stimulating proliferation and migration of endothelial cells and recruitment of bone
marrow–derived endothelial progenitor cells[75,76].  Moreover, DA is able to inhibit
proliferation and migration of tumor endothelial cells by suppressing the expression
of VEGFR2, MAPK, and focal adhesion kinase phosphorylation (FAK). Exogenous DA
was demonstrated to significantly inhibit tumor growth and increase the life span in
combination with anticancer drugs, indicating that DA could enhance the sensitivity
to the anticancer drugs[77]. DA and its receptor agonists could be the foundations of
novel cancer therapies in the future.

GABA and GI cancer
GABA is the major inhibitory neurotransmitter of the CNS. In the brain, it counteracts
the stimulatory effect of epinephrine and norepinephrine, which are physiological
agonists of β-ARs. GABA involvement in the pathological progression of cancer has
been described[78]. There are three types of GABA receptors: GABAA and GABAC are
ionotropic receptors, and GABAB is a metabotrophic receptor. GABAB is related to
chemokine and catecholaminergic receptors, which are involved in the regulation of
leukocyte and tumor cell migration[79,80]. The GABAergic system may be significant in
cancer cell  proliferation, migration, and survival[81,82].  In most cases,  the levels of
GABA receptors are significantly changed in cancer cells. Glutamate decarboxylase
activity  and GABA content  were  reported to  be  significantly  increased in  colon
cancer[83]. GABA is an inhibitory regulator for the migration and invasion of SW480
colon carcinoma cells. A study using a three-dimensional collagen matrix indicated
that GABA reduced the norepinephrine-induced activity of cell migration to spontan-
eous  migration levels;  the  reduction was  mediated by the  GABAB receptor  and
intracellularly transduced by a significantly decreased cAMP concentration[84].  In
addition, GABA and baclofen decreased the 5-bromo-2’-deoxyuridine labeling index
of the gastric antral mucosa[85]. GABA had no effect on the protein tyrosine phospha-
tase-mediated phospholipase C pathway that mediates the ATP-independent calcium
release and which may trigger migratory activity. In the pancreas in the setting of
CRC, GABAB receptor was reported to inhibit isoproterenol-induced cAMP signaling,
prevent ERK1/2 activation, and promote cell proliferation and migration[86]. GABAA
receptors were reportedly overexpressed in the KATO III  gastric cancer cell  line.
However, the expression of GABAB receptors was not detected in these cells. Further
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studies by the same authors demonstrated that the binding of GABA to the GABAA
receptor significantly promoted the proliferation of KATOIII cells by activating the
ERK-1/2/cyclin D1 pathway[87]. The same results were obtained in pancreatic ductal
adenocarcinoma, ovarian, prostate, and breast cancers[88]. In another study, GABA was
shown to stimulate the growth of human hepatocellular carcinoma cells through
overexpressed GABAA receptor subunit in a dose-dependent manner[89]. GABA also
reportedly stimulated pancreatic cancer growth through increased intracellular Ca2+

levels and the MAPK/Erk cascade by the overexpression of GABAA[90]. Therefore,
GABAergic systems, especially GABAA and GABAB, may have different effects in
different cancers. These findings implicate GABA as a promising molecular target for
the development of new therapeutic strategies for GI cancer.

NEUROTROPHIC FACTORS AND GI CANCER
It has been proposed that cancer cells can invade peripheral tissues to promote their
own migration and to stimulate their own innervation. Cancer cells secrete neuronal
growth factors  and axon guidance molecules,  which can promote the growth of
nerves (axonogenesis) and in return exert autocrine or paracrine effects in the cancer
cells. Recently, it was reported that nerve growth factor (NGF), brain-derived nerve
growth factor (BDNF), fibroblast growth factor (FGF), and insulin-like growth factor
(IGF) stimulate neurogenesis, and are positively correlated with a poor prognosis in
various cancers[91]. Neurotrophic factors can be subdivided into various types, which
include neurotrophins, neuropoietins, IGFs, and transforming growth factors. Most
are involved in cancer cell progression. Neurotrophin activities are mediated through
two classes of cell surface receptors: Trk tyrosine kinase receptors and neurotrophin
receptor p75NTR. NGF preferentially binds TrkA, whereas BDNF and NT-4/5 bind
TrkB. NT-3 primarily binds TrkC, but also TrkA and TrkB to a lesser extent[92]. Here,
we discuss the effects of some of the most closely linked neurotrophic factors in GI
cancer.

BDNF and GI cancer
BDNF is a member of the neurotrophin family. It is widely expressed in the hippoca-
mpus, cortex, and synapses of the basal forebrain[70]. BDNF was recently associated
with tumor progression in some malignancies, such as lung cancer[93], breast cancer,
and colon cancer[94,95]. These studies revealed that BDNF and its high-affinity receptor
(tropomyosin receptor kinase B, TrkB) are overexpressed in human colon and gastric
cancer tissue, compared to the undetectable levels in normal tissue[96], and are signifi-
cantly associated with the cancer stage at  diagnosis.  These findings suggest  that
BDNF is a potential  prognostic marker in GI cancer.  BDNF was also found to be
elevated in SW480, LoVo, Caco-2, and HRT18 colon cancer cell lines. The BDNF/TrkB
pathway  reportedly  has  a  profound  effect  on  cell  proliferation,  differentiation,
invasiveness, and migration, and chemotherapeutic response in CRC. BDNF and TrkB
knockdown significantly decreased the rates of growth and proliferation, and increa-
sed the apoptosis rate of colon cancer cells[94]. Interestingly, the authors described that
BDNF exerted its antiapoptotic effect via the BDNF-Akt-Bcl2 signaling pathway[94].
Another study revealed that BDNF increased the migration of colon cancer cells by
regulating the activity of VEGF/heme oxygenase-1 (HO-1) through the ERK, p38, and
PI3K/Akt signaling pathways[79,97]. Another study observed the involvement of BDNF
and NT-4/5 in an autocrine loop that mediated cell resistance to apoptosis. It was
further observed that the use of antibodies blocking BDNF/TrkB resulted in tumor
growth inhibition, characterized by an increase in cell  apoptosis,  suggesting that
BDNF could contribute to cancer cell survival and serve as a prospective target mole-
cule to inhibit tumor growth[98].

A recent  study revealed that  the  BDNF/TrkB axis  was  activated in  advanced
gastric cancer tissues with a bone metastatic potential and overexpressed in bone
metastatic gastric cancer cell lines[99]. In addition, the elevated levels of TrkB correlated
with disease severity in patients.  Additionally,  the authors observed that  BDNF
upregulated the  expression of  long pentraxin  3,  thereby promoting interactions
between bone metastatic gastric cancer cells and osteoblasts, and osteoclastogenesis[99].
Another study reported that the blockade of gastric-releasing peptide receptor by RC-
3095 can significantly increase BDNF secretion via an EGFR dependent mechanism,
indicating that this protein may be used as a marker to predict adverse pathological
and clinical outcomes[100].  Others described that BDNF is crucial for tumor angio-
genesis and growth; it could promote endothelial cell proliferation, migration, and
invasion  by  upregulating  RhoA,  VEGF,  and  caspase-9[101].  Exogenous  HGF  can
stimulate angiogenesis by promoting TrkB expression and phosphorylation[102]. The
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collective findings indicate that BDNF is a potential therapeutic target in GI cancer,
although the effectiveness of such a therapy in humans requires further investigation.

NGF and GI cancer
NGF exerts its actions through the binding to two types of NGF receptors: High-
affinity tropomyosin receptor kinase A (TrkA) and low-affinity p75 neurotrophin
receptor (p75NTR)[103,104]. In addition to the repair and maintenance of post-mitotic
neurons, NGF also plays a significant role in the process of tumorigenesis.

Interestingly, the high expression of TrkA was observed in esophageal, thyroid,
and colorectal carcinomas, whereas p75NTR expression was significantly lower in
gastric and colon carcinomas. The difference in expression of NGF/Trk/p75NTR in
tumors suggests that the NGF family and their receptors may play different roles or
have  directly  opposite  effects  on  various  carcinomas  originating  from different
tissues. The involvement of NGF in cancer cells was first demonstrated by its ability to
promote proliferation of  breast  tumor-derived cell  lines.  This  mitogenic effect  is
mediated  through the  activation  of  MAPKs[105].  Recent  studies  have  shown that
NGF/TrkA are overexpressed in colon cancer.  Furthermore,  serological  analysis
revealed that NGF is secreted by CRC cells, but not by normal colon epithelial cells.
The activation of NGF/TrkA can promote cell survival, proliferation, and differentia-
tion via phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) and Ras/MAPK
signaling pathways[106,107]. The observation that NGF promoted gastric tumorigenesis
via a feedback-loop ACh-NGF-yes-associated protein axis indicated that inhibition of
ACh, M3R, or NGF may be an important future therapeutic strategy in the treatment
of GI cancers[108]. In another study, NGF and HO1 were found to be coexpressed in
gastric  carcinoma tissues,  and were significantly associated with shorter  overall
survival and regression-free survival, suggesting that NGF-HO1-related pathways
might have a role in the progression of gastric carcinomas[109]. It has been reported that
NGF promotes angiogenesis and induces the expression of proangiogenic molecules
(VEGF/FGFs)  in  some tumors.  Thus,  the  ability  of  NGF and TrkA to  modulate
biological  behavior (including metastasis,  migration,  and angiogenesis)  of  many
cancers could potentially be exploited as an innovative approach for cancer therapy.
However, some studies have shown that the precursor of NGF (proNGF) to p75NTR
can decrease cell survival and promote apoptosis. In one study, NGF significantly
increased the anti-proliferative effect of 5-fluorouracil[110]. Therefore, the role of NGF-
related signaling in human malignant tumors remains contentious.

Cancer-induced  bone  pain  (CIBP)  is  a  common  and  challenging  problem  for
metastatic patients, which reduces quality of life. NGF has been shown to play an
important role in modulating inflammatory and CIBP states[111].  In humans, NGF
levels are elevated in a variety of chronic CIBP patients and these levels correlate with
pain intensity, and with persistent mechanisms of allodynia and hyperalgesia[112].
Recently,  mouse  studies  have  demonstrated  that  NGF  can  significantly  induce
sprouting of sensory and sympathetic nerve fibers in bone metastases[113,114]. This nerve
sprouting is associated with bone pain and has not been observed in a normal healthy
bone. Therefore, novel anti-NGF and anti-TrkA drugs are under investigation for
treatment  of  CIBP[115].  Studies  have demonstrated that  tanezumab,  a  humanized
monoclonal antibody, blocks the binding of NGF to TrkA, which can significantly
reduce  pain  and  improve  physical  function  and  global  scores  in  patients  with
CIBP[116,117].

IGF and GI cancer
IGF peptides include two structurally similar ligands (IGF-I and IGF-II), two high-
affinity membrane receptors (IGF-1R and IGF-2R), and their binding proteins (IGFBP-
1to IGFBP-6)[118,119].  Both IGF-I and IGF-II exert their biological effects through the
activation of IGF-1R. Binding of ligands activates downstream cascades resulting in
proliferative, differentiative, and anti-apoptotic effects that include cellular growth
and proliferation, cell cycle control, differentiation, extracellular matrix formation,
and angiogenesis.

IGFs are reported to play a significant role in cancer progression and increased
levels  of  circulating IGF-I  constitute  a  risk  factor  for  the  development  of  breast,
prostate, lung, and GI tract cancers[120,121]. Recently, increased expression of IGF-I, IGF-
II, and IGF-IR was detected in CRC and they have been widely accepted as markers
for CRC risk[122,123]. Tricoli et al[124] described that approximately 60% of the colon cancer
specimens contained mildly or markedly elevated levels of IGF1 and IGF2 mRNA or
protein, compared to normal colonic tissue. 1,2-dimethylhydrazine was reported to
promote the growth of colonic aberrant crypt foci and increase colonic tumor volume
without affecting tumor numbers in IGF-II overexpressing mice, compared to the
wild-type  mice.  Moreover,  the  authors  found that  transgenic  overexpression  of
IGFBP-2, which displays high affinity for IGF-II, reduced the appearance of dysplastic

WJCC https://www.wjgnet.com July 6, 2019 Volume 7 Issue 13

Di YZ et al. Brain-gut axis and progression of gastrointestinal cancer

1561



aberrant crypt foci and inhibited tumor growth in the same model[125]. A number of
studies have investigated the correlation between IGFR-related markers and gastric
cancer risk. IGF-1 expression was markedly elevated from benign proliferative lesions
to malignant lesions, compared to normal gastric mucous membrane, indicating that
the  increased  expression  of  IGF-1  may  be  positively  related  to  gastric  carcino-
genesis[126,127]. Gryko et al[128] found that the expression of IGF-1R was associated with
lymph node metastasis and high histological malignancy grade, implicating IGF-1R as
an independent predictor of survival in patients with gastric cancer. Tumor cells
commonly express and secrete IGF-I and IGF-II, which act as autocrine growth factors
to promote the initiation and development of tumors. The IGF signaling pathways
involving  multiple  interaction  components  are  extremely  complex  and  form
networks. It has been reported that the promotion of tumor growth and inhibition of
apoptosis may be mediated by IGFR-activated pathways, such as the MAPK and
PI3K/AKT pathways[129].

Phosphorylated IGF1R can stimulate the Ras-Raf-MEK-MAPK pathway, which
regulates gene transcription and cellular metabolism, resulting in cell growth and
survival.  IGF1R  can  reportedly  recruit  PI3K  to  the  cell  membrane,  leading  to
activation of the PI3K/AKT pathway, which ultimately plays a regulatory role in
apoptosis and cellular proliferation[130]. Other studies have revealed that overexpre-
ssed  IGF-II  can  promote  cell  proliferation  via  the  up-regulated  expression  of
cyclooxygenase-2 and prostaglandins[131]. Theoretically, molecules that target the IGF
pathway can act as a single therapeutic agent by itself, or can also enhance the activity
of other cytotoxic chemotherapeutic drugs. Currently, there are many inhibitors of the
IGF pathway that are under investigation.

FGFs and GI cancer
FGFs and their receptors (FGFRs) have diverse functions that include cell prolifera-
tion, migration, survival, regulation of angiogenesis, and tissue repair. Dysregulation
of the FGF/FGFR signaling pathway has been associated with many developmental
disorders and with cancer. Recent evidence suggests that any abnormalities in FGFs
or FGFRs may promote multiple steps of cancer progression (proliferation, survival,
tumor angiogenesis, and epithelial to mesenchymal transition) by gene amplification,
chromosomal translocation, and mutations.

It  has long been recognized that FGFRs are overexpressed in many cancer cell
types,  including  hepatocellular  carcinoma,  breast  cancer,  gastric  cancer,  and
CRC[132-134]. Several studies have identified that FGF18, FGF20, and SPRY4 are potent
targets of the canonical WNT signaling pathway in GI tract cancer. The overexpre-
ssion of FGFR has recently been shown to be associated with a poor prognosis and
resistance to chemotherapeutic drugs. FGFR1/2 amplification remained a significant
independent risk factor for poor disease-free survival and overall survival in poorly
differentiated adenocarcinoma of the stomach[132,135,136]. However, others observed that
expression of FGFR1–4 had different impacts on clinical outcomes in diffuse-type
gastric cancer (DGC) and intestinal-type gastric cancer (IGC). High FGFR4 expression
was  positively  correlated  with  the  depth  of  invasion,  lymph  node  metastasis,
pathological stage, and distant metastasis in both DGC and IGC, while the elevated
expression of  FGFR1 and 2 was correlated with a  poor outcome and survival  in
DGC[137,138]. FGF2 upregulation as well as CagA-dependent SHP2 activation promote
pro-oncogenic factors, inducing healing of the gastric mucosal damage associated
with  H. pylori  infection,  which is  a  causative  pathogen in  gastric  cancer[132].  The
activation of FGF7-FGFR2 signaling cascade was reported to play a significant role in
the development and progression of DGC[136]. The largest genomic analysis carried out
to date revealed that FGFR2 amplification is always accompanied by deletion of the
coding exon located proximal to the C-terminus[139]. In vitro studies revealed that GC
cell lines overexpressing FGFR2 are highly sensitive to tyrosine kinase inhibitors and
monoclonal  antibodies  directed at  FGFR signaling[140].  FGFR2 has  thus  attracted
considerable  attention  as  a  novel  therapeutic  candidate  for  the  development  of
targeted anticancer agents. FGFR2 silencing significantly inhibited the growth and
survival of Snu-16 (gastric cancer cell line) and resulted in tumor growth regression in
vivo[141]. A recent study revealed that FGF8 was overexpressed in the majority of CRC
tissues  and  was  significantly  correlated  with  lymph  node  metastasis  and  poor
outcome[142]. It was further demonstrated that FGF8 could promote the proliferation
and  metastasis  of  CRC  cells  by  activating  YAP1.  Serum  basic  FGF  levels  were
associated with lymph node metastasis in cases of CRC[143]. A similar study showed
that the overexpression of the FGFR-1 may promote liver metastasis in advanced
CRC, suggesting that  FGFR-1 may be a potential  predictor of  liver metastasis  in
CRC[144].  However,  due  to  the  complexity  of  CRC pathogenesis,  the  mechanism
remains  unclear.  Moreover,  a  growing  body  of  preclinical  data  shows  that  the
inhibition of FGFR signaling can result in anti-proliferative and/or proapoptotic
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effects, both in vitro and in vivo, thus confirming the validity of the FGF/FGFR axis as
a potential therapeutic target.

CONCLUSION
Growing evidence supports the view that the brain-gut axis is involved in tumor
development, including tumor cell proliferation, invasion, and metastasis. Tumor
cells could synthesize and release various kinds of neurotransmitters, which produce
different biological effects by binding to their receptors on tumor cells. Mechanis-
tically,  the bidirectional signal transmission of the brain-gut-axis is complex and
remains to be elucidated. Therefore, the neurobiological view of cancer might enable a
better understanding of oncogenesis and open new prospects for cancer diagnosis and
treatment. In this review, we have discussed the current findings and summarized the
influences  of  anatomical  nerve  pathways  (CNS  and  the  sympathetic  and
parasympathetic nervous systems) and the neuroendocrine-immune system (several
neurotransmitters and factors) on GI cancer growth. The simulation and inactivation
of the CNS and the sympathetic and parasympathetic nervous systems, or changes in
the innervation of the GI tract might alter the immunomodulatory influences of the
vagal nerve, which could promote inflammatory processes and contribute to a higher
incidence of cancers of the GI tract.  Modulation of the neurotransmitters and the
stimulation of signal transmission between nerves and tumor cells (e.g.,  electrical
stimulation of nerves innervating tumors and β-blockers) might promote or inhibit GI
cancer progression[145,146]. In addition, neurotransmitters and neurotrophic factors can
exert either stimulatory or inhibitory effects on the progression of GI cancer (Figure
1). These effects may dependent on different types of tissues and neurotransmitters, as
well as the subtypes of receptors of the neurotransmitters or neurotrophic factors
involved  (Table  1).  Therefore,  a  better  understanding  of  neurotransmitter  or
neuropeptide receptor activators, inhibitors, or antagonists for the treatment of cancer,
together with modifications of corresponding receptors, may represent a promising
therapeutic strategy for cancer in the future.
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Table 1  Summary of the most relevant neurotransmitters and neurotrophic factors related to progression of gastrointestinal cancer

Family Member Signaling receptor Role in GI cancer

Neurotransmitters Epinephrine (Adrenaline) α/β adrenergic receptors Promote proliferation, invasion, and
angiogenesis

Acetylcholine Muscarinic and nicotinic
acetylcholine receptor

Increase stemness activity

Promote migration and invasion

5-hydroxytryptamine 5-HT1-7 receptors Promote mitogen and angiogenesis

Dopamine Dopamine 1–5 receptors Suppress invasion and migration

Reduce tumor microvessel density

Gamma-aminobutyric acid GABAB GABAA, GABAA-ρ receptor Reduce migration (GABAA)

Promote proliferation (GABAB)

Neurotrophic factors Brain-derived neurotrophic factor TrkB Promote proliferation and migration

Decrease apoptosis

Nerve growth factor TrkA Promote survival, proliferation,
differentiation, and angiogenesis

Involved in cancer-induced bone
pain

Insulin-like growth factor IGF type I/II receptor Promote proliferation

Fibroblast growth factors FGFR-1–4 Promote growth, survival, and
metastasis

GI: Gastrointestinal; 5-HT: 5-hydroxytryptamine; IGFR: Insulin-like growth factor; FGF: Fibroblast growth factor receptor; TrkB: Tropomyosin receptor
kinase B.

Figure 1

Figure 1  Representation of the interaction between the nervous system and gastrointestinal cancer (the brain-gut axis). The regulatory signals related to
tumor cell growth, invasion, apoptosis, autophagy, and metastasis may be transmitted by the vagal nerves, sympathetic nerves, spinal afferent pathways (anatomical
routes), or the neuroendocrine pathway. The stimulation and inactivation of the central nervous system and the sympathetic and parasympathetic nervous systems, or
changes in innervation of the gastrointestinal (GI) tract might contribute to a higher incidence of GI cancer. In addition, neuro-transmitters and neurotrophic factors can
produce either a stimulatory or inhibitory effect on the progression of GI cancer. CNS: Central nervous system; Ach: Acetylcholine; 5-HT: 5-hydroxytryptamine; GABA:
Gamma-aminobutyric acid; BDNF: Brain-derived nerve growth factor; NGF: Nerve growth factor; IGF: Insulin-like growth factor; FGF: Fibroblast growth factor.
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