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Chronic stress is an emotional experience that occurs when people encounter something
they cannot adapt to. Repeated chronic stress increases the risk of a variety of diseases,
such as cardiovascular disease, depression, endocrine disease, inflammation and cancer.
A growing body of research has shown that there is a link between chronic stress and
tumor occurrence in both animal studies and clinical studies. Chronic stress activates the
neuroendocrine system (hypothalamic-pituitary-adrenal axis) and sympathetic nervous
system. Stress hormones promote the occurrence and development of tumors through
various mechanisms. In addition, chronic stress also affects the immune function of the
body, leading to the decline of immune monitoring ability and promote the occurrence of
tumors. The mechanisms of chronic stress leading to tumor include inflammation,
autophagy and epigenetics. These factors increase the proliferation and invasion
capacity of tumor cells and alter the tumor microenvironment. Antagonists targeting
adrenergic receptors have played a beneficial role in improving antitumor activity, as well
as chemotherapy resistance and radiation resistance. Here, we review how these
mechanisms contribute to tumor initiation and progression, and discuss whether these
molecular mechanisms might be an ideal target to treat tumor.

Keywords: chronic stress, neuroendocrinology, immunology, cancer, targeted drugs

1 INTRODUCTION

Cancer is a major public health problem and is the major cause of death worldwide. Eighteen million
new cancer cases and 9 million deaths occurred worldwide in 2018 (1). The occurrence of tumors
involves a multifactor and multistep process (2). Most tumors are caused by an interaction of
environmental and genetic factors (3). Environmental factors mainly include biological, physical and
chemical factors. Humans are exposed to these carcinogenic factors through a variety of lifestyle or
occupational exposures. Moreover, in most cases, humans are not simply exposed to a single
carcinogenic agent, but often to a complex mix of carcinogens through a variety of lifestyles (4).
Genetic factors determine an individual’s susceptibility (5). There are at least three mechanisms by
which certain individuals are susceptible to tumors. Oftspring acquire mutated genes through

Abbreviations: HPA, hypothalamic-pituitary adrenal; SNS, sympathetic nervous system; CRH, corticotropin-releasing
hormone; ACTH, adrenocorticotropic hormone; E, epinephrine; NE, norepinephrine; DA, dopamine; ARs, adrenergic
receptors; AC, adenylate cyclase; TNF, tumor necrosis factor; cAMP, Cyclic adenosine monophosphate.
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inheritance. Genetic mutations make carriers more sensitive to
environmental factors, accelerating the occurrence and
accumulation of cancer events. The genetically acquired mutant
genes are beneficial to the cloning and selection of tumor cells and
the growth of tumor cells (6). So far, more and more evidences
have shown that social stress or chronic stress promotes the
occurrence and development of tumor by affecting the neuro-
endocrine-immune system (7, 8).

Stress is an organism’s response to external stimuli, including
physiological and psychological stimuli (9), which exert effects
on the molecular, cellular, organ, and psychological levels (10).
Depending on how long the stimulation lasts, stress can be
divided into acute stress and chronic stress (11). Generally,
acute stress is beneficial to the body, while chronic stress is
harmful to the body at the psychological and physiological levels
(12). Numerous clinical and in vitro studies have shown that
chronic stress affects the initiation, progression and metastasis of
various cancers through changes in the neuroendocrine system
and immune system. Social stress is a potential factor for higher
mortality from breast cancer in women (13). Social stress is
associated with increased lung cancer morbidity and mortality.
The present study confirmed that social stress can stimulate the
growth of non-small cell lung cancer (NSCLC) in vivo, and that
gamma-aminobutyric acid (GABA) inhibits this effect (14).

Chronic stress can cause changes in the neuroendocrine
immune system. Disruption of neurotransmitters, stress
hormones and immune cells alters the microenvironment to
adapt to the occurrence and development of tumors. Recently,
our research team have shown that chronic stress induces invasion
and metastasis of epithelial ovarian cancer through the NE/AKT/
[B-catenin/SLUG axis (15) (Table 1). In addition, chronic stress
promotes breast cancer metastasis by activating the STAT3 signal
pathway through Mir-337-3p (8). Chronic stress promotes lung
metastasis of circulating breast cancer cells by activating
-adrenergic signal and remodeling the premetastatic niche (16)
(Tables 1, 2). Chronic stress induces the release of norepinephrine,
which promotes oral cancer progression through ,-adrenergic
receptors (27). Isoprorenol promotes tumor angiogenesis by
activating the PlexinA1/VEGFR2-JAK2-STAT3 signal
transduction pathway within human umbilical vein endothelial
cells (HUVECs), which may be a candidate target for the
development of an anti-tumor angiogenesis strategy (28).

The two main neuroendocrine systems activated by chronic
stress are the hypothalamic-pituitary adrenal (HPA) axis and

sympathetic nervous system (SNS). The HPA axis contains three
endocrine glands (the hypothalamus, pituitary, and adrenal
glands). In response to chronic stress, the hypothalamus
releases corticotropin-releasing hormone (CRH), which triggers
the anterior pituitary gland to secrete adrenocorticotropic
hormone (ACTH) (Antoni, M. H. 2006). ACTH stimulates the
adrenal gland to release stress hormones, including epinephrine
(E), norepinephrine (NE), and cortisol. The SNS is one of the two
main parts of the autonomic nervous system, which can promote
the release of catecholamines (dopamine (DA), E, and NE) by
stimulating the adrenal medulla or through neurons (12).

Chronic stress also plays an important role in immune
dysfunction that affects tumor behavior (29, 30). Chronic stress
selectively inhibits Thl - and CTL-mediated cellular immunity
and interferon production, which impairing immune surveillance
(7). The long-term decline in immune surveillance increases the
risk of cancer invasion and metastasis and reduces the effectiveness
of antitumor therapy. In addition, chronic stress causes DNA
damage that decreases natural killer cells and dendritic cells, thus
promoting lymphatic metastasis and hematogenous metastasis.
Studies have reported that sympathetic fibres innervate lymphoid
organs and tissues, including the thymus, spleen, lymph nodes,
and bone marrow, indicating the presence of functional
interactions between neurons and the immune system (31, 32).
In addition, the lymphatic system is an interconnected system of
vessels, spaces, and nodes in the body which circulates lymph,
which is a major source of chemokines and provides a pathway for
tumor cells to escape through the body (33). Thus, the interactions
of neuroendocrine system and immune system may play an
important role on the occurrence and development of tumors
caused by chronic stress.

An increasing number of studies indicate that adrenergic
signaling plays a fundamental role in chronic stress-induced tumor
growth. Adrenergic receptor inhibitors take effect through blocking
adrenergic signal. Propranolol, a non-selective 3 antagonist, inhibits
the proliferation of gastric cancer cells by reducing the number of
CD3+CD8+ T cells and reducing bone marrow-derived inhibitory
cells (MDSC)-based immunosuppression (20) (Tables 2, 3).
6-Hydroxydopamine hydrobromide (6-OHDA) blocks adrenergic
signaling through ablating sympathetic nerve function, thus
inhibiting stress-induced lung metastasis (16). y-aminobutyric acid
(GABA) is a kind of inhibitory neurotransmitter, which inhibits the
development of transplanted tumors by down-regulating the COX-2
protein and P-5-Lox (14). In addition, the resistance to radiotherapy

TABLE 1 | Published articles on chronic stress promoting tumorigenesis and development.

Tumour type Study Target Mechanism Effect on cancer
Ovarian cancer (15)  Macrophages Chronic stress regulates NE/AKT/B-catenin/SLUG Axis Tumorigenesis
Breast cancer Mononuclear Chronic psychological stress upregulates the expression of CCL2 in pulmonary stromal cells and  Metastasis
phagocyte system CCR2 in monocytes/macrophages.
Gastric cancer (17) B2 adrenergic Stress hormones activate the ADR-B, signaling pathway. Progression and
receptor metastasis
Hepatocellular (18)  Splenic myeloid cells  Restraint stress augments Wnt16B/B-catenin positive feedback loop. Progression
carcinoma
Skin cancer (199 CD4+CD8+CD25+ Chronic stress increases the numbers of CD25+ cells within tumours while decreasing the Tumorigenesis
T cells numbers of CD4+ and CD8+ cells around tumours.
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TABLE 2 | Drugs targeting the neuroendocrine system and immune system.

Drug Study Target Mechanism Effect

Melatonin 15 Melatonin Anti-proliferation, anti- Inhibit metastasis of ovarian cancer
receptors oxidant, antiangiogenesis, and immunoregulation effects

6-OHDA 16 Dopaminergic Selectively destroy dopaminergic neurons Inhibits stress-induced lung metastasis
neurons

Propranolol 24 B adrenergic Decreased number of CD3+CD8+ T cells; reduces MDSC-based  Inhibits the proliferation of gastric cancer cells
receptor immunosuppression

ICl 118,551 52 B, adrenergic Inhibits the expression of CXCR4 Inhibits the invasion of breast cancer
receptor

GABA 100 The GABA Downregulates the COX-2 protein and P-5-LOX Inhibits the development of transplanted tumours
receptor

Phentolamine 101 o adrenergic blocking adrenergic signal Inhibits the growth and metastasis of primary tumours
receptor

Hydrocortisone 108  Glucocorticoid- Downregulates the tumour suppressor gene BRCA1 Promotes the proliferation of breast cancer cells
receptor

Silodosin 116 o4 adrenergic Decreasing the expression of ELK1, C-FOS, and NF-kB Increased sensitivity of bladder cancer cells to
receptor chemotherapy drugs

Prazosin 117 o4 adrenergic Block the adrenergic signal increased the sensitivity of prostate cancer cell lines to
receptor in vitro radiation therapy

TABLE 3 | Summary of adrenergic receptor antagonists.

Drugs Molecular weight Formula Chemical structures Drug category
Propranolol 259.34 Cs1H21NO> /L Nonselective  adrenergic receptor antagonist
H/K\O N l
Nadolol 309.40 C17H27NO4 wo. I Nonselective B adrenergic receptor antagonist
T e Ik
K
(S)-Timolol Maleate 432.49 C17H2N407S o Nonselective Ba drenergic receptor antagonist
\ INJ
s
y O/\é/\NJ<
Ho M
N 0H
Metoprolol 267.36 C15HasNO3 /0\/\©\ J\ selective B4 adrenergic receptor antagonist
o N
Atenolol 266.34 C1aH22N203 K \ﬁ/o selective B4 adrenergic receptor antagonist
Esmolol hydrochloride 331.83 C16H26CINO,4 selective B4 adrenergic receptor antagonist
NTY o
OH
H-CI
Acebutolol hydrochloride 372.89 C1gH29CIN>O4 H o} selective B adrenergic receptor antagonist
N
\/\[( J\
o 0N
on M
HCI
Bisoprolol 325.44 C18H31NO4 H H selective B4 adrenergic receptor antagonist
\(N 0.
@\/0\/
ICl 118551 hydrochloride 313.86 C417H28CINO, Highly selective B, adrenergic receptor antagonist

(Continued)
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TABLE 3 | Continued

Chemical structures Drug category

Drugs Molecular weight Formula
Mabuterol-D9 319.80 C13HgDgCIFgNLO
SR59230A 415.48 CogHaoNOg
Alfuzosin 389.45 C19H27N504

MG 1 303.40 C17Ho5Nz05
Yohimbine 354.44 Co1HoeN2O3
Rauwolscine hydrochloride 390.90 Cz1H>7CIN>Og
Tolazoline 160.22 CroH12N2
Phentolamine mesylate 377.46 C18H23N304S

and chemotherapy are often the failure of treatment and affect the
patient life. It has been reported that adrenergic inhibitors combined
with radiotherapy/chemotherapy can effectively reverse drug
resistance and radiotherapy resistance, and improve the prognosis
of cancer patients (34). This could be a potentially meaningful
therapeutic strategy.

Here, we systematically review the role of chronic stress-mediated
neuroendocrine and immune responses in the remodeling of tumor
microenvironment that promotes tumorigenesis and tumor
development. In addition, the inhibitory effect of adrenergic
antagonists on chronic stress-related tumor development and the
effect of adrenergic antagonists on chemoradiotherapy resistance will
be fully discussed.

2 CHRONIC STRESS PROMOTES TUMOR
GROWTH THROUGH THE
NEUROENDOCRINE SYSTEM

2.1 Adrenergic Receptor Signal Pathway
Induced by Chronic Stress

Chronic stress induces the release of catecholamines, which bind
to adrenergic receptors (ARs) on the surface of tumor cells.

8 o
T\J)’ e

| selective B, adrenergic receptor antagonist

D D NH
D 2

F

N F
DD OH F

Selective Bs adrenergic receptor antagonists

RS

o

o4 adrenergic receptor antagonist

o4 adrenergic receptor antagonist

nonselective o, adrenergic receptor antagonist

selective o, adrenergic receptor antagonist

Competitive o adrenergic receptor antagonists

Nonselective o adrenergic receptor blockers

Adrenergic receptors are divided into two subtypes: o and B. o
ARs are subdivided into the 0, and o, subtypes (35). o, receptors
bind to the G4 protein and activate phospholipase C (PLC), which
cleaves phospholipid phosphatidylinositol 4,5-bisphosphate
(PIP,) into diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP;). IP; enters the cytoplasm and binds to IP;
receptors on the smooth endoplasmic reticulum (SER). The IP;
receptor is a calcium channel, and activation of the IP; receptor
leads to increased cytoplasmic calcium levels and influences a
variety of intracellular events. The o, receptor binds to the G;
protein, resulting in a decreased cAMP concentration and
inhibiting protein kinase A (PKA) activity. B receptors transduce
extracellular signals by binding to Gg proteins and activate
adenylate cyclase (AC) activity, which increases the level of
cAMP in the cells. Elevated cAMP results in activation of PKA.
PKA induces cellular changes by altering gene expression through
the phosphorylation of proteins or downstream signaling
molecules or by regulating the activity of transcription factors,
such as cAMP response element-binding protein (CREB) (35).

2.1.1 The Activation of a-ARs
The activation of a-ARs induces cell growth by promoting cell
cycle progression and preventing apoptosis (36). 0-ARs may
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function as proto-oncogenes to promote tumorigenesis. For
example, catecholamine-stimulated ARs induce tumorigenesis
in the fibroblast cell line NIH3T3, suggesting the transforming
potential of oncogenes and loss of contact inhibition (37). Studies
have shown that adrenergic signal can promote the growth and
metastasis of breast cancer by activating a-AR to enhance cell
proliferation and inhibit apoptosis (38, 39). Epinephrine
promotes the growth of rat pheochromocytoma PC-12 cell line
by activating o,-AR (40). However, there have been few reports
in this area.

2.1.2 The Activation of 3-ARs

There are three classes of beta receptors, B, B, and Bs. Studies
have shown that chronic stress causes the release of NE, which
activates downstream pathways and promotes the occurrence
and development of tumors by binding to 3 receptors, especially
B, and B3 receptor, however, the role of B, receptors in
tumorigenesis and tumor development has little been reported.
Chronic stress induces synergistic effects on signaling through
ARs, leading to the accumulation of DNA damage and
promoting the development of breast cancer (41). In one
study, chronic stress led to an increase in FOB-driven
interleukin-8 (IL-8) through synergistic signal, which was
associated with the increased growth and metastasis of ovarian
cancer (42). NE induces the epithelial-mesenchymal transition
(EMT) in gastric adenocarcinoma by regulating 3,-AR-HIF-10.-
Snail activity (43). NE promotes invasion and proliferation of
oral squamous cell carcinoma (OSCC) by activating ,-AR to
induce phosphorylation of extracellular regulatory protein kinase
(ERK) and camp responsive element binding protein (CREB). At
the same time, NE enhances the cancer stem cell -like phenotype
and upregulates the expression of stem cell markers (27).
Chronic stress and hormone-induced B,-AR activation
promote breast cancer growth and VEGF/FGF2-mediated
angiogenesis by downregulating PPAR (44). The B-adrenergic
signal promotes tumor invasion and metastasis by altering the
microenvironment of circulating tumor cells through increases
in monocyte output at the premetastatic stage and macrophage
infiltration into the lung (16). Catecholamine-induced [,-AR
activation triggers shedding of Her2 by ADAMI10 and
subsequent intramembranous cleavage of Her2 by presenilin-
dependent y-secretase, resulting in nuclear translocation of p80
Her2 and enhanced transcription of target genes (45).
Psychological stress activates the EMT through B,-AR,
promoting tumor growth and enhancing radiation resistance
(46). NE induces dormant tumor cells to enter the cell cycle by
acting on osteoblasts in the tumor microenvironment (47).
B,AR-HIF-10-CXCL12 signaling in osteoblasts facilitates
migration, invasion, and the EMT in prostate cancer cells,
while B,-AR antagonists inhibit the effects of this pathway
(48). The B,-AR-HIF-lo. axis also regulates stress-induced
pancreatic tumor growth and angiogenesis (49) (Figure 1).
Elevated adrenaline levels activate LDHA to generate lactate
via B,-AR (Figure 1). Changes in pH cause stabilization and
ubiquitination of MYC mediated by USP28. Stabilization and
ubiquitination of MYC activate the SLUG promoter, which

increases the development of breast cancer (50). Isoproterenol,
a B-AR agonist, regulates the release of VEGF through B-AR
receptors, increasing the vascular distribution in the femurs of
mice and the release of the proinflammatory cytokines
interleukin-1 (IL-1) and interleukin-6 (IL-6), changing the
adhesion state of endothelial cells and promoting bone
metastasis of cancer cells (51). Activation of SNS pathways
induced by chronic stress leads to the release of tumor-derived
VEGEF, which ultimately leads to lymphatic vascular remodeling
and lymphatic flow, promoting tumor spread (33). Chronic
stress causes the upregulation of NF-xB, CREB and STATS3,
leading to gastric cancer (GC) cell proliferation and metastasis by
inducing the release of NE and its binding to B-AR (17).
Isoproterenol was used to simulate sympathetic nerve
activation in vivo, and DNA strand breaks were observed in
cells (52). By regulating GAS6 signaling in osteoblasts, NE
induces dormant prostate cancer cells to proliferate and
promotes the occurrence and development of prostate cancer
(53). NE activates the PKA pathway through ARs, which induces
phosphorylation of the L-type voltage-dependent calcium
channel (VDCC). VDCC triggers calcium mobilization, which
induces IGF-1R activation through exocytosis by insulin-like
growth factor 2 (IGF2). Under chronic stress, mice with lung-
specific IGF-1R expression show accelerated development of
lung cancer (54). Compared with the non-stress group, the
social isolation group, acute stress group, and chronic stress
group showed increased CD31 expression in tumor blood
vessels, which promoted tumor angiogenesis (55). NE
promotes the EMT through the TGF-1/Smad3/Snail pathway
and HIF-1/Snail pathway, which increase the expression of E-
cadherin and vimentin and the development of tumors (48, 49).
In pancreatic ductal adenocarcinoma, NE activates the Notch 1
pathway, enhances the activity and invasion of tumor cells and
inhibits the apoptosis of tumor cells (56). In pancreatic cancer,
B,-AR upregulates AKR1B1 expression, promotes proliferation
and inhibits apoptosis through the ERK pathway (14)(Table 2).
Adrenergic signaling upregulates the expression of CCL2 in lung
stromal cells and CCR2 in monocytes/macrophages, leading to
the recruitment and infiltration of macrophages into the lung,
the formation of a premetastatic niche, and the promotion of
tumor cell colonization of the lung (16) (Table 1). Mice
transplanted with DU145 prostate cancer cells treated with NE
displayed a significant concentration-dependent increase in the
migration of cancer cells, which was blocked by propranolol (57).
Stress neurotransmitters activate cancer stem cells (CSCs) in
non-small cell lung cancer (NSCLC) through a cAMP-mediated
pathway (involving VEGF, p-ERK, p-AKT, p-CREB, SHH, and
ALDH-1) (58). NE induces DNA damage by interfering with the
DNA repair process through the production of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) (59). NE
reduces CXCR4 expression in MDA-MB-231 tumor cells via 3,-
ARs (21) (Table 2). Chronic stress causes the release of E and
NE, activates ARs, promotes M2 macrophage polarization,
increases the number of macrophages in the tumor, and
regulates specific branches of the immune system (60). NE
activates hematopoietic stem cells and causes them to secrete
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FIGURE 1 | Chronic stress activates the expression of genes/proteins in related pathways through B-ARs.

sFRP1, and sFRP1 collaborates with the Wnt16/B-catenin
positive feedback loop to promote hepatocellular carcinoma
(HCC) progression (18) (Table 1). Chronic stress causes the
release of NE. After the activation of the 3,-AR receptor by NE,
the CREB-AMPK-ULkI pathway is subsequently activated,
leading to the autophagy of GC cells and resulting in the
appearance of cytoplasmic vesicles in the cells. Meanwhile, the
number of GFP-LC3 cells is increased, thereby promoting the
proliferation and survival of GC cells (61). In addition, activation
of the miR-337-3P/STAT3 axis induced by chronic stress may
increase breast cancer metastasis (8).

2.2 The Dopamine Release Regulated by
Chronic Stress

Dopamine (DA) is the neurotransmitter precursor of
norepinephrine and epinephrine, and its receptor family
consists of five G-protein-coupled receptors that play an
important role in signal transduction (62). Dopamine has a

complex effect on tumor, which can promote the occurrence
and development of tumor, and inhibit the growth of tumor
through the activation of different dopamine receptors. In a
clinical analysis, plasma dopamine levels were significantly
elevated in patients with malignant tumors. In vitro
experiments, dopamine significantly inhibited T cell
proliferation and cytotoxicity, which may be related to the
intracellular cAMP elevation mediated by dopamine receptor 1
(DR1). These results suggest that dopamine is involved in
immune regulation (63). Chronic stress promotes blood vessel
and tumor growth in a mouse model of ovarian cancer.
Dopamine blocks stress-mediated tumor growth and tumor
endothelial pericyte coverage by activating pericyte dopamine
receptor 1 (DR1) cAMP/PKA signaling pathway (64).Dopamine
receptor 2 (DR2) and hypoxia-inducible factor-1a (HIF1la) were
highly expressed in tumor nuclei in stressed-induced tumor-
bearing mouse models. In vitro, DR2 interacts with von Hippel-
Lindau (VHL) in the nucleus to reduce ubiquitination mediated
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HIFla degradation and enhance epithelial-mesenchymal
transformation of tumor cells. Trifluoperazine (TFP), as an
inhibitor of DR2, promotes the degradation of HIFla.Thus,
DR2 may promote the progression of psychological stress-
induced malignancies by activating the oxygen-independent
HIFla pathway, while TFP may serve as a potential therapeutic
option for cancer patients (65). In pancreatic cancer cells,
inhibition of dopamine receptor 2(DR2) reduces the
proliferation and migration of pancreatic cancer cells and
slows the growth of xenograft tumors in mice (66). Dopamine
receptor 2 agonists may be a new therapeutic option for breast
cancer (67).

2.3 The Excess of Glucocorticoid Induced
by Chronic Stress

In a mouse model of chronic unexpected mild stress (CUMS),
activation of the HPA axis leads to the excessive release of
glucocorticoids, which can promote the progression of liver
cancer by upregulating the expression of PD-1 and inhibiting
the activity of NK cells (68). The stress hormone cortisol inhibits
the expression of p53 in liver cancer by increasing the expression
of Bcl2 like-12 (69). Glucocorticoids induce DNA damage and
interfere with the DNA repair process by inducing ROS and RNS
production (59).

2.4 The Secretion of Oxytocin and
Substance P Induced by Chronic Stress
Oxytocin (OXT) is a neurohormone produced by the
hypothalamus. Oxytocin receptor (OXTRs) expression is
upregulated in malignant melanoma. In addition, chronic
stress can significantly increase plasma OXT levels. In vitro,
activation of oxytocin receptor (OXTRs) promotes migration,
invasion and angiogenesis of melanoma cells through the
Arrestin2-dependent ERK-VEGF/MMP-2 pathway, but does
not promote proliferation of melanoma cells (70).
Hypothalamic oxytocin neurons regulate the progression of
colitis-associated cancer (CAC) by modulating neurons in
celiac-superior mesenteric ganglion (71). Oxytocin-mediated
autocrine or paracrine signaling promotes the growth and
development of SCCL tumors. Oxytocin antagonist as a
treatment for small cell lung cancer has a certain development
potential (72). Substance P, a neuropeptide, had chemotactic
effect on SCCL cells (73). Substance P promotes tumor growth by
promoting mitosis through its receptors (74).

3 CHRONIC STRESS PROMOTES TUMOR
GROWTH BY AFFECTING IMMUNE-
RELATED FACTORS

Pessimistic attitudes may be associated with decreased
cytotoxicity of natural killer cells and cytotoxicity/suppressor T
cells, causing squamous intraepithelial lesions and contributing
to the development of cervical cancer (75). Vaccine failure in
stressed mice was associated with reduced production of the

effector CD8+ T cell interferons and a significant reduction in
cytotoxic T lymphocyte (CTL)-mediated killing. An analysis of
dendritic cell phenotypes showed that migratory and lymphoid
dendritic cells were not fully mature after antigen uptake (76).
Chronic stress induced a significant increase in the expression of
Foxp3 and granzyme B, while social isolation significantly
reduced the numbers of CD3+ and CD8+ T cells and activated
CD69+ and CD3+ T cells (55) (Table 1). Adrenergic signaling
triggered by chronic stress participates in immunosuppression of
the tumor microenvironment by promoting the proliferation and
activation of bone marrow-derived inhibitory cells (MDSCs)
(20). Chronic stress triggers the release of stress hormones that
suppress the cancer cell killing ability of granulocytes (77).
Chronic stress induces the release of prostaglandins by
macrophages, which in turn increases tumor cell production of
VEGF, leading to vascular remodeling and lymph node
metastasis (33). Chronic stress exerts a significant effect on T
cell function and the production of the Th1/Th2 cell mediator
H4R (78). Chronic stress induces Th1/Th2 imbalance in the
immune system of mice and significantly promotes the
progression of colon cancer (79). In chronically stressed mice,
mitogen-induced T cell proliferation is reduced, the number of
CD4+ T lymphocytes is reduced, and tumor necrosis factor
(TNF) and interferon production are reduced, promoting
tumor proliferation and progression via inhibition of T cell-
mediated immunity (80). Thyroid hormones are important
neuroendocrine regulators of tumor evolution that most likely
modulate T cell-mediated immunity caused by chronic stress
(80). Chronic stress may promote the progression of GC by
increasing the NE-induced secretion of IL-6 in human gastric
epithelial cells (81). Chronic stress reduces lymphocyte counts
through TLR2-mediated PI3K signaling in a B-arrestin2-
dependent manner (82). Chronic stress increases the
susceptibility of a mouse model to UV light-induced squamous
cell carcinoma by suppressing type 1 cytokines and protective T
cells and increasing regulatory/suppressor T cell numbers
(19) (Table 1).

4 CHRONIC STRESS PROMOTES
TUMOUR GROWTH THROUGH THE
INTERACTION OF IMMUNITY AND
NEUROENDOCRINE

Chronic stress results in dysfunctions of SNS and HPA axis. The
long-term activation of SNS and HPA axes makes the immune
system expose to a higher levels of stress hormones, thus
disrupting the physiological internal environment (83).
Activation of HPA leads to increased glucocorticoid release
and activation of glucocorticoid receptor (GR). Glucocorticoids
can induce DC apoptosis and inhibit DC activation and
migration (84).When SNS is activated, catecholamines
(epinephrine and norepinephrine) are released, which can bind
to o and B adrenergic receptor receptors on immune cells (85).
Catecholamines can promote macrophages to secrete pro-
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inflammatory factors such as IL-1B and TNF-o, intensifying the
pro-tumor properties of macrophages (86). Chronic stress may
stimulate the immunosuppressive activity of MDSCs and
promote tumor progression (87). Activation of {3, receptors in
THI1 cells inhibits IFN-y production, which in turn inhibits IFN-
v -dependent B cells from producing IgG2a, thereby reducing the
body’s immune capacity (88). In breast cancer, chronic stress
rebuilds lymphatic networks in and around tumors through
signals from the sympathetic nervous system, providing
pathways for tumor cells to escape. This process is associated
with macrophage COX2 inflammatory signaling and tumor-cell
derived VEGFC (89). Psychological stress may induce high
expression of the P53, NF-kB and p65 proteins and further
promote ovarian cancer growth (90). Stress exposure decreases
the TGF-B content in CD63" exosomes to inhibit tumor growth.
Several studies have attempted to address key mechanisms of
organism reactions to stress (91). Human body is a unified
organism, neuroendocrine and immunity are two very
important parts of human body. Their dysfunctions provide
physiological and pathological basis for the occurrence and
development of tumors, and also provide ideas for the
treatment of tumors.

5 CHRONIC STRESS AFFECTS THE
OCCURRENCE AND DEVELOPMENT OF
TUMORS THROUGH EPIGENETIC
INHERITANCE

Recent studies have shown that psychological and social factors
can promote the development of tumors through epigenetic
mechanisms (92). Epigenetic changes the expression of genes
without altering the DNA sequence, including DNA
methylation, histone modification, chromatin reprogramming,
and non-coding RNA change (93-95). Stress hormone exposure
affects the epigenetic regulation of oncogenes and tumor
suppressor genes. Studies have shown that miRNA-145 is
associated with chemotherapy tolerance of cervical cancer cells,
and cortisol can down-regulate the expression of miRNA -145 in
HPV-positive cervical cancer cells (96). Mothers with depression
or anxiety had significantly increased methylation of the NR3Cl1
and 11B-HSD-2 genes in their placentas, which protect the fetus
from maternal overexposure to stress hormones (97). Socially
isolated mice had reduced expression of DNA methyltransferase
(DNMT)3b and methyl CpG binding protein 2, both known
epigenetic regulators (98). In a study of female ductal carcinoma
in situ, high stress was associated with less histone acetylation in
lymphocytes, which may influence susceptibility to tumor
metastasis (99). Chronic stress induces upregulation of lysine-
specific demethylase 5(KDM5A), which plays an important role
in hypoxia-induced chromatin reprogramming, thereby
promoting tumor progression (100). Progress has been made
in the treatment of tumors, but acquired drug resistance remains
an important challenge. Studies suggest that long-term exposure
to stress may lead to the development of acquired resistance
through epigenetic inheritance (101).

6 THE DEVELOPMENT OF ANTITUMOR
DRUGS TARGETING CHRONIC STRESS
RELATED TUMORIGENESIS AND
CHEMORADIOTHERAPY RESISTANCE

6.1 Effects of Drugs Targeting Adrenergic
Receptors on Tumor Growth

Many studies report that adrenergic receptor antagonist have
therapeutic effects tumorigenesis and tumor development caused
by chronic stress (Table 2). Adrenergic receptor antagonists
include o antagonist and B antagonist. o antagonists include
prazosin and phentolamine. § antagonists include propranolol
and metoprolol. 3,-AR antagonists inhibit pancreatic cancer cell
invasion by inhibiting CREB, NF-kB and AP-1 (102). Propranolol,
a non-selective B-antagonist, reduces myeloid-derived suppressor
cell (MDSC)-based immunosuppression (20).3-antagonist exhibit
enhanced antiangiogenic effects under psychological stress (103)
(Table 1).The B-antagonist propranolol inhibits adrenergic signal,
a cyclooxygenase-2 (COX2) inhibitor inhibits inflammatory
signaling, and a colony-stimulating factor 1 small-molecule
inhibitor inhibits macrophage activity, all of which prevent
chronic stress-induced lymphatic metastasis (89). Propranolol
reduces the increase in Foxp3 and granzyme B levels caused by
chronic stress and the decrease in the number of CD3+CD8+ T
cells caused by social isolation (55). The adrenalin antagonist ICI
118,551 eliminates the effect of NE on CXCR4 expression (21).
Clinically approved antihypertensive agents that block VDCC
prevent the effects of chronic stress or NE on the IGF2/IGF-1R
signaling cascade, as well as the transformation of lung epithelial
cells and the formation of lung tumors (54). The administration of
6-OHDA to ablate sympathetic nerve function or propranolol to
block adrenergic signaling significantly inhibits stress-induced
lung metastasis (16). Psychological stress significantly promotes
the growth of transplanted tumors, increases the levels of NE, E,
cortisol, VEGF and cAMP, and decreases the levels of GABA and
GAD. The reduction in cAMP levels induced by GABA therapy
prevents tumor progression and signaling protein activation
(104).GABA and Celecoxib downregulate the expression of the
COX-2 protein and P-5-LOX, inhibits the development of
xenotransplants, and reduce the systemic and tumor levels of
VEGF, PGE2, and cAMP and phosphorylated signaling proteins
(22). The nonselective o antagonist phentolamine inhibits the
growth and metastasis of primary tumors caused by chronic stress
by blocking adrenergic signal (23) (Table 2).

In the present study, different subtypes of adrenergic receptor
antagonists also showed different effects in inhibiting tumor
development. Pharmacological analysis found that SNS effects
were mediated primarily by B, or P; adrenergic receptors in
ovarian, breast, and prostate cancer models (105, 106). In these
models, B; receptor inhibitors, such as atenolol, generally do not
inhibit the effects of SNS on tumor progression. In an
epidemiological analysis of breast cancer, nonselective
antagonist have shown greater protection than P; antagonist
(107). In the coming years, we can expect further data
expansion to evaluate the efficacy of adrenergic receptor
antagonists as cancer therapy.
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6.2 Effects of Inmunomodulatory Drugs on
Tumour Growth

Studies have found that chronic stress reduces antioxidant
activity, leads to the accumulation of free radicals, impedes
DNA damage repair and promotes the development of skin
cancer (108). The involvement of free radicals in tumor initiation
and development suggests that free radical scavenger may play
an inhibitory role in tumor. Restraint stress facilitates the
development of dimethyl benzanthracene (DMBA) induced
mammary tumors by releasing B-endorphin and prolactin,
However, naltrexone, an opioid receptor antagonist, exerts a
beneficial effect by opposing the effect of B-endorphin on
prolactin release in stressed animals (109). Melatonin (N-
acetyl-5-methoxy-tryptamine), which is generally considered as
pleiotropic and multitasking molecule, Secretes from pineal
gland. It also has antioxidant, anti-ageing, immunomodulation
and anticancer properties. Melatonin can reduce the burden of
abdominal tumor by inhibiting NE/AKT/B-catenin/SLUG axis in
ovarian cancer (15). It was reported that melatonin showed
antioxidant potential in combating DMBA-induced skin
cancer, confirming that melatonin has a preventive effect on
DMBA-induced skin cancer (108). DA interferes with VEGF
signals in endothelial cells, blocks angiogenesis and inhibits
tumor growth (110). Hydrocortisone downregulates the
expression of the tumor suppressor gene BRCAI in breast
cancer cells (24) (Table 2).

6.3 Effects of Adrenergic Receptor
Antagonist on Tumour Chemoradiotherapy
Resistance

Despite advances in cancer treatment, chemoradiotherapy
remains the mainstay of treatment for most malignancies.
Although chemoradiotherapy can prevent the development
and growth of cancer, the effect of chemoradiotherapy is not as
expected due to the emergence of chemoradiotherapy resistance
(111). Drug resistance is the main failure factor for cancer patient
and it is also an urgent problem to be solved.

Studies have found that chronic stress can cause the secretion
of neurotransmitters and stress hormones. The adrenergic
receptors can be divided into 2 types: o-receptors and P-
receptors. They activate adrenergic receptor triggers, promote
tumor growth, increase angiogenesis and promote drug
resistance (112). Norepinephrine reduces anti-tumor immunity
by activating AR- of immune cells (113). Adrenergic signal
increases the proportion of anti-apoptotic molecules that lead to
tumor cell resistance to chemotherapy (114).

B receptor antagonists are widely used in people with
cardiovascular and cerebrovascular diseases. Some studies have
shown no benefit to the prognosis of cancer patients with B-
antagonists, while others have suggested that they could prolong
survival (112). The use of B antagonists was not associated with a
reduction in lung cancer mortality (115). In an in vitro
experimental study, nicotine promotes the growth and
progression of non-small cell lung cancer, and P receptor

antagonists may reduce the risk of developing non-small cell
lung cancer in smokers (14). The epidermal growth factor
receptor tyrosine kinase inhibitors EGFR-TKIs could delay
tumor progression compared with chemotherapy (116). Studies
have found that chronic stress hormones promote drug
resistance to EGFR-TKIs, while the combination of
-antagonists and EGFR-TKIs may reduce drug resistance
(117). In a recent retrospective cohort study, patients with
advanced lung adenocarcinoma who received B-antagonists
before chemotherapy had a better clinical outcome (112).

Silodosin is a selective ol adrenergic receptor antagonist.
Silodosin increased the sensitivity of bladder cancer cells to
cisplatin by decreasing the expression of ELK1, C-FOS, and
NEF-«B. Therefore, Silodosin not only inhibits cancer cell viability
and migration, but also enhances the cytotoxic activity of
cisplatin against bladder cancer cell lines by inactivating ELK1
(25) (Table 2). Therefore, it is possible to overcome
chemotherapeutic resistance in bladder cancer patients treated
with cisplatin in combination with cisplatin.

Quinazoline is a kind of o -antagonist derivative. It includes
prazosin, doxazosin, and terazosin. When used in combination
with chemotherapy drugs used to treat prostate cancer, it has a
sensitizing effect. The mechanism may be related to autophagy
and apoptosis (111). In vitro studies, prazosin increased the
sensitivity of prostate cancer cell lines to in vitro radiation
therapy. In a retrospective study, Prostate cancer patients who
took prazosin during radiation therapy had a significantly lower
rate of biochemical recurrence than patients who did not. These
findings indicate a 3.9-fold reduction in the relative risk of
biochemical recurrence in patients who took prazosin with
radiation therapy (26) (Table 2).

Hemangiosarcoma is a rare form of angiogenic cell carcinoma
with a high mortality rate and few treatment options. Although
there was an initial clinical response to chemotherapy, the results
remained poor, mainly due to the development of drug resistance.
In vitro experiments showed that the mechanism of drug
resistance was that doxorubicin was a hydrophobic and weakly
alkaline chemotherapy drug, which was highly accumulated in
lysosomes of human hemangiosarcoma cell lines. Because its
isolation in lysosomes limits its action on cellular targets,
resistance develops. Propranolol is a non-selective 3 antagonist
that contains a weakly basic amine moiety and has been shown to
accumulate in lysosomes. Propranolol can reduce the
accumulation of doxorubicin in in lysosomes and cell efflux,
thus increasing the concentration of doxorubicin in the nucleus,
making cells sensitive to doxorubicin, resulting in long-term cell
stress and apoptosis (118).

Although adrenergic receptor antagonists have been reported
to inhibit tumor and affect tumor resistance to chemoradiotherapy.
However, there are still several problems needed to be solved (119).
Firstly, the main indication for B-blockers is cardiovascular disease,
and whether its side effects affect the prognosis of cancer patients
needs to be evaluated. Secondly, whether it interferes with the
antitumor effects of other cytotoxic drugs need to be elucidated
(e.g, ACE inhibitors) (119). Therefore, current observational
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studies cannot guide the clinical use of B -blockers in cancer
treatment, and prospective randomized controlled trials are
needed to evaluate the clinical efficacy of adrenergic antagonists.

7 CONCLUDING REMARKS AND
FUTURE DIRECTIONS

Chronic stress causes systemic changes in the human body,
eventually leading to changes in the neuroendocrine system
and immune system. Chronic stress can activate the
hypothalamic-pituitary adrenal axis and the sympathetic
nervous system, cause the release of endocrine hormones and
promote the occurrence and development of tumors. Activated o
and P receptors can promote cell cycle progression and inhibit
cell apoptosis through downstream signaling pathways. Some
studies have shown that B-blockers can reduce the effects of
chronic stress-induced tumorigenesis and tumor progression.
Chronic stress also promotes the development of tumors by
causing immune disorders in the body, which decrease the
numbers of CD4+ and CD8+ cells around tumors and reduce
tumor necrosis factor, interferon and macrophage levels.
Attention has been given to the crosstalk between the
neuroendocrine and immune systems induced by chronic
stress. Chronic stress causes the release of glucocorticoids,
which can promote the progression of liver cancer by
upregulating PD-1 and inhibiting the activity of NK cells. -
Adrenergic signaling promotes tumor invasion and metastasis by
altering the microenvironment of circulating tumor cells,
inducing dormant tumor cells to enter the cell cycle, increasing
the output of monocytes in the premetastatic stage and the
infiltration of macrophages into the lung. In addition,
adrenergic receptor blockers may improve tumor resistance to

REFERENCES

1. Bray F, Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018)
68:394-424. doi: 10.3322/caac.21492

2. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

3. Tiffon C. The Impact of Nutrition and Environmental Epigenetics on Human
Health and Disease. Int ] Mol Sci (2018) 19(11):3425. doi: 10.3390/
ijms19113425

4. Song M, Chan AT. Environmental Factors, Gut Microbiota, and Colorectal
Cancer Prevention. Clin Gastroenterol Hepatol (2019) 17:275-89. doi: 10.1016/
j.cgh.2018.07.012

5. Burrell RA, McGranahan N, Bartek J, Swanton C. The Causes and
Consequences of Genetic Heterogeneity in Cancer Evolution. Nature
(2013) 501:338-45. doi: 10.1038/nature12625

6. Owens DK, Davidson KW, Krist AH, Barry MJ, Cabana M, Caughey AB,
et al. Risk Assessment, Genetic Counseling, and Genetic Testing for BRCA-
Related Cancer: US Preventive Services Task Force Recommendation
Statement. JAMA (2019) 322:652-65. doi: 10.1001/jama.2019.10987

7. Dai S, Mo Y, Wang Y, Xiang B, Liao Q, Zhou M, et al. Chronic Stress Promotes
Cancer Development. Front Oncol (2020) 10:1492. doi: 10.3389/fonc.2020.01492

chemoradiotherapy. In order to explore its application potential,
more experimental studies are necessary.

In conclusion, chronic stress can activate the hypothalamic-
pituitary adrenal axis and the sympathetic nervous system,
causing the release of endocrine hormones that mediate
intracellular signaling pathways that promote the occurrence
and development of tumors. However, the mechanism
underlying the role of the neuroendocrine immune interactions
induced by chronic stress in tumor pathogenesis and metastasis
needs further study. In today’s society, people are under
increasing chronic stress, and the adverse effect of chronic
stress on tumor growth cannot be ignored. The development
of antitumor drugs targeting chronic stress related tumorigenesis
and chemoradiotherapy resistance might be a new strategy of
cancer therapy.

AUTHOR CONTRIBUTIONS

DML, HQH was involved in data acquisition, analysis and
manuscript drafting. DML and M] revised the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was funded by the National Key Research and
Developmental Program of China (2018YFC1004800 and
2018YFC1004802), the Shanghai Municipal Council for
Science and Technology (18410721200 and 20JC1412100), and
the National Natural Science Foundation of China (81971334).

8. Du P, Zeng H, Xiao Y, Zhao Y, Zheng B, Deng Y, et al. Chronic Stress
Promotes EMT-Mediated Metastasis Through Activation of STAT3
Signaling Pathway by Mir-337-3p in Breast Cancer. Cell Death Dis (2020)
11:761. doi: 10.1038/s41419-020-02981-1

. Russell G, Lightman S. The Human Stress Response. Nat Rev Endocrinol

(2019) 15:525-34. doi: 10.1038/s41574-019-0228-0

Nagaraja AS, Sadaoui NC, Dorniak PL, Lutgendorf SK, Sood AK. Snapshot:

Stress and Disease. Cell Metab (2016) 23:388-388.e381. doi: 10.1016/

j.cmet.2016.01.015

McEwen BS. Physiology and Neurobiology of Stress and Adaptation: Central

Role of the Brain. Physiol Rev (2007) 87:873-904. doi: 10.1152/

physrev.00041.2006

Krizanova O, Babula P, Pacak K. Stress, Catecholaminergic System and

Cancer. Stress (2016) 19:419-28. doi: 10.1080/10253890.2016.1203415

Schuler LA, Auger AP. Psychosocially Influenced Cancer: Diverse Early-Life

Stress Experiences and Links to Breast Cancer. Cancer Prev Res (Phila)

(2010) 3:1365-70. doi: 10.1158/1940-6207.Capr-10-0238

Al-Wadei HA, Al-Wadei MH, Ullah MF, Schuller HM. Celecoxib and

GABA Cooperatively Prevent the Progression of Pancreatic Cancer In

Vitro and in Xenograft Models of Stress-Free and Stress-Exposed Mice.

PloS One (2012) 7:¢43376. doi: 10.1371/journal.pone.0043376

Bu S, Wang Q, Sun J, Li X, Gu T, Lai D. Melatonin Suppresses Chronic

Restraint Stress-Mediated Metastasis of Epithelial Ovarian Cancer via NE/

Nel

10.

11.

12.

13.

14.

15.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 738252


https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3390/ijms19113425
https://doi.org/10.3390/ijms19113425
https://doi.org/10.1016/j.cgh.2018.07.012
https://doi.org/10.1016/j.cgh.2018.07.012
https://doi.org/10.1038/nature12625
https://doi.org/10.1001/jama.2019.10987
https://doi.org/10.3389/fonc.2020.01492
https://doi.org/10.1038/s41419-020-02981-1
https://doi.org/10.1038/s41574-019-0228-0
https://doi.org/10.1016/j.cmet.2016.01.015
https://doi.org/10.1016/j.cmet.2016.01.015
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1080/10253890.2016.1203415
https://doi.org/10.1158/1940-6207.Capr-10-0238
https://doi.org/10.1371/journal.pone.0043376
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al.

Chronic Stress Effects on Tumor

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

AKT/B-Catenin/SLUG Axis. Cell Death Dis (2020) 11:644. doi: 10.1038/
$41419-020-02906-y

Chen H, Liu D, Guo L, Cheng X, Guo N, Shi M. Chronic Psychological Stress
Promotes Lung Metastatic Colonization of Circulating Breast Cancer Cells
by Decorating a Pre-Metastatic Niche Through Activating B-Adrenergic
Signaling. J Pathol (2018) 244:49-60. doi: 10.1002/path.4988

Zhang X, Zhang Y, He Z, Yin K, Li B, Zhang L, et al. Chronic Stress
Promotes Gastric Cancer Progression and Metastasis: An Essential Role for
ADRB2. Cell Death Dis (2019) 10:788. doi: 10.1038/s41419-019-2030-2
Lin XH, Liu HH, Hsu SJ, Zhang R, Chen ], Chen J, et al. Norepinephrine-
Stimulated Hscs Secrete Sfrpl to Promote HCC Progression Following
Chronic Stress via Augmentation of a Wnt16B/B-Catenin Positive Feedback
Loop. ] Exp Clin Cancer Res (2020) 39:64. doi: 10.1186/s13046-020-01568-0
Saul AN, Oberyszyn TM, Daugherty C, Kusewitt D, Jones S, Jewell S, et al.
Chronic Stress and Susceptibility to Skin Cancer. J Natl Cancer Inst (2005)
97:1760-7. doi: 10.1093/jnci/dji401

Inigo-Marco I, Alonso MM. Destress and do Not Suppress: Targeting
Adrenergic Signaling in Tumor Immunosuppression. ] Clin Invest (2019)
129:5086-8. doi: 10.1172/jcil33115

Wang LP, Jin J, Lv FF, Cao ], Zhang ], Wang BY, et al. Norepinephrine
Attenuates CXCR4 Expression and the Corresponding Invasion of MDA-
MB-231 Breast Cancer Cells via B2-Adrenergic Receptors. Eur Rev Med
Pharmacol Sci (2015) 19:1170-81.

Al-Wadei HA, Plummer HK3rd, Ullah MF, Unger B, Brody JR, Schuller
HM. Social Stress Promotes and y-Aminobutyric Acid Inhibits Tumor
Growth in Mouse Models of non-Small Cell Lung Cancer. Cancer Prev
Res (Phila) (2012) 5:189-96. doi: 10.1158/1940-6207.Capr-11-0177

Lamkin DM, Sung HY, Yang GS, David JM, Ma JC, Cole SW, et al. 0.2-
Adrenergic Blockade Mimics the Enhancing Effect of Chronic Stress on
Breast Cancer Progression. Psychoneuroendocrinology (2015) 51:262-70.
doi: 10.1016/j.psyneuen.2014.10.004

Antonova L, Mueller CR. Hydrocortisone Down-Regulates the Tumor
Suppressor Gene BRCA1 in Mammary Cells: A Possible Molecular Link
Between Stress and Breast Cancer. Genes Chromosomes Cancer (2008)
47:341-52. doi: 10.1002/gcc.20538

Kawahara T, Ide H, Kashiwagi E, Patterson JD, Inoue S, Shareef HK, et al.
Silodosin Inhibits the Growth of Bladder Cancer Cells and Enhances the
Cytotoxic Activity of Cisplatin via ELKI Inactivation. Am ] Cancer Res
(2015) 5:2959-68.

Hart J, Spencer B, McDermott CM, Chess-Williams R, Sellers D, Christie D,
et al. A Pilot Retrospective Analysis of Alpha-Blockers on Recurrence in
Men With Localised Prostate Cancer Treated With Radiotherapy. Sci Rep
(2020) 10:8191. doi: 10.1038/s41598-020-65238-2

Zhang B, Wu C, Chen W, Qiu L, Li S, Wang T, et al. The Stress Hormone
Norepinephrine Promotes Tumor Progression Through B2-
Adrenoreceptors in Oral Cancer. Arch Oral Biol (2020) 113:104712.
doi: 10.1016/j.archoralbio.2020.104712

Lu Y, Zhao H, Liu Y, Zuo Y, Xu Q, Liu L, et al. Chronic Stress Activates
Plexinal/VEGFR2-JAK2-STAT3 in Vascular Endothelial Cells to Promote
Angiogenesis. Front Oncol (2021) 11:709057. doi: 10.3389/fonc.2021.709057
Yuan A, Wang S, Li Z, Huang C. Psychological Aspect of Cancer: From
Stressor to Cancer Progression. Exp Ther Med (2010) 1:13-8. doi: 10.3892/
etm_00000003

Cole SW, Nagaraja AS, Lutgendorf SK, Green PA, Sood AK. Sympathetic
Nervous System Regulation of the Tumour Microenvironment. Nat Rev
Cancer (2015) 15:563-72. doi: 10.1038/nrc3978

Zhang L, Pan J, Chen W, Jiang J, Huang J. Chronic Stress-Induced Immune
Dysregulation in Cancer: Implications for Initiation, Progression,
Metastasis, and Treatment. Am ] Cancer Res (2020) 10:1294-307.

Nakai A, Hayano Y, Furuta F, Noda M, Suzuki K. Control of Lymphocyte
Egress From Lymph Nodes Through B2-Adrenergic Receptors. ] Exp Med
(2014) 211:2583-98. doi: 10.1084/jem.20141132

Le CP, Nowell CJ, Kim-Fuchs C, Botteri E, Hiller JG, Ismail H, et al. Chronic
Stress in Mice Remodels Lymph Vasculature to Promote Tumour Cell
Dissemination. Nat Commun (2016) 7:10634. doi: 10.1038/ncomms10634
Wang HM, Liao ZX, Komaki R, Welsh JW, O’Reilly MS, Chang JY, et al.
Improved Survival Outcomes With the Incidental Use of Beta-Blockers
Among Patients With non-Small-Cell Lung Cancer Treated With Definitive

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Radiation Therapy. Ann Oncol (2013) 24:1312-9. doi: 10.1093/annonc/
mds616

Shin KJ, Lee Y], Yang YR, Park S, Suh PG, Follo MY, et al. Molecular
Mechanisms Underlying Psychological Stress and Cancer. Curr Pharm Des
(2016) 22:2389-402. doi: 10.2174/1381612822666160226144025
Gonzalez-Cabrera PJ, Shi T, Yun J, McCune DF, Rorabaugh BR, Perez DM.
Differential Regulation of the Cell Cycle by Alphal-Adrenergic Receptor
Subtypes. Endocrinology (2004) 145:5157-67. doi: 10.1210/en.2004-0728
Allen LF, Lefkowitz RJ, Caron MG. & Cotecchia s. G-Protein-Coupled
Receptor Genes as Protooncogenes: Constitutively Activating Mutation of
the Alpha 1B-Adrenergic Receptor Enhances Mitogenesis and
Tumorigenicity. Proc Natl Acad Sci USA (1991) 88:11354-8. doi: 10.1073/
pnas.88.24.11354

Vazquez SM, Pignataro O, Luthy IA. Alpha2-Adrenergic Effect on Human
Breast Cancer MCF-7 Cells. Breast Cancer Res Treat (1999) 55:41-9.
doi: 10.1023/2:1006196308001

Bruzzone A, Pifiero CP, Castillo LF, Sarappa MG, Rojas P, Lanari C, et al.
Alpha2-Adrenoceptor Action on Cell Proliferation and Mammary Tumour
Growth in Mice. Br J Pharmacol (2008) 155:494-504. doi: 10.1038/
bjp.2008.278

Karkoulias G, Mastrogianni O, Lymperopoulos A, Paris H, Flordellis C.
Alpha(2)-Adrenergic Receptors Activate MAPK and Akt Through a
Pathway Involving Arachidonic Acid Metabolism by Cytochrome P450-
Dependent Epoxygenase, Matrix Metalloproteinase Activation and Subtype-
Specific Transactivation of EGFR. Cell Signal (2006) 18:729-39. doi: 10.1016/
j-cellsig.2005.06.014

Flint MS, Bovbjerg DH. DNA Damage as a Result of Psychological Stress:
Implications for Breast Cancer. Breast Cancer Res (2012) 14:320.
doi: 10.1186/bcr3189

Shahzad MMK, Arevalo JM, Armaiz-Pena GN, Lu C, Stone RL, Moreno-
Smith M, et al. Stress Effects on Fosb and Interleukin-8 (IL8)-Driven
Ovarian Cancer Growth and Metastasis. | Biol Chem (2018) 293:10041.
doi: 10.1074/jbc. AAC118.004299

Shan T, Cui X, Li W, Lin W, Li Y, Chen X, et al. Novel Regulatory Program
for Norepinephrine-Induced Epithelial-Mesenchymal Transition in Gastric
Adenocarcinoma Cell Lines. Cancer Sci (2014) 105:847-56. doi: 10.1111/
cas.12438

Zhou J, Liu Z, Zhang L, Hu X, Wang Z, Ni H, et al. Activation of (2-
Adrenergic Receptor Promotes Growth and Angiogenesis in Breast Cancer
by Down-Regulating Ppary. Cancer Res Treat (2020) 52:830-47.
doi: 10.4143/crt.2019.510

Liu D, Zha L, Liu Y, Zhao X, Xu X, Liu S, et al. f2-AR Activation Promotes
Cleavage and Nuclear Translocation of Her2 and Metastatic Potential of
Cancer Cells. Cancer Sci (2020) 111:4417-28. doi: 10.1111/cas.14676
Zhang Y, Zanos P, Jackson IL, Zhang X, Zhu X, Gould T, et al. Psychological
Stress Enhances Tumor Growth and Diminishes Radiation Response in
Preclinical Model of Lung Cancer. Radiother Oncol (2020) 146:126-35.
doi: 10.1016/j.radonc.2020.02.004

Decker AM, Jung Y, Cackowski FC, Yumoto K, Wang J, Taichman RS.
Sympathetic Signaling Reactivates Quiescent Disseminated Prostate Cancer
Cells in the Bone Marrow. Mol Cancer Res (2017) 15:1644-55. doi: 10.1158/
1541-7786.Mcr-17-0132

Huang Z, Li G, Zhang Z, Gu R, Wang W, Lai X, et al. B2ar-Hif-10.-CXCL12
Signaling of Osteoblasts Activated by Isoproterenol Promotes Migration and
Invasion of Prostate Cancer Cells. BMC Cancer (2019) 19:1142. doi: 10.1186/
512885-019-6301-1

Shan T, Ma J, Ma Q, Guo K, Guo J, Li X, et al. B2-Ar-Hif-1c: A Novel
Regulatory Axis for Stress-Induced Pancreatic Tumor Growth and
Angiogenesis. Curr Mol Med (2013) 13:1023-34. doi: 10.2174/
15665240113139990055

Cui B, Luo Y, Tian P, Peng F, Lu ], Yang Y, et al. Stress-Induced Epinephrine
Enhances Lactate Dehydrogenase a and Promotes Breast Cancer Stem-Like
Cells. J Clin Invest (2019) 129:1030-46. doi: 10.1172/jci121685

Moraes RM, Elefteriou F, Anbinder AL. Response of the Periodontal Tissues
to B-Adrenergic Stimulation. Life Sci (2021) 281:119776. doi: 10.1016/
j1fs.2021.119776

Thomas M, Palombo P, Schuhmacher T, von Scheven G, Bazylianska V,
Salzwedel J, et al. Impaired PARP Activity in Response to the B-Adrenergic

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 738252


https://doi.org/10.1038/s41419-020-02906-y
https://doi.org/10.1038/s41419-020-02906-y
https://doi.org/10.1002/path.4988
https://doi.org/10.1038/s41419-019-2030-2
https://doi.org/10.1186/s13046-020-01568-0
https://doi.org/10.1093/jnci/dji401
https://doi.org/10.1172/jci133115
https://doi.org/10.1158/1940-6207.Capr-11-0177
https://doi.org/10.1016/j.psyneuen.2014.10.004
https://doi.org/10.1002/gcc.20538
https://doi.org/10.1038/s41598-020-65238-z
https://doi.org/10.1016/j.archoralbio.2020.104712
https://doi.org/10.3389/fonc.2021.709057
https://doi.org/10.3892/etm_00000003
https://doi.org/10.3892/etm_00000003
https://doi.org/10.1038/nrc3978
https://doi.org/10.1084/jem.20141132
https://doi.org/10.1038/ncomms10634
https://doi.org/10.1093/annonc/mds616
https://doi.org/10.1093/annonc/mds616
https://doi.org/10.2174/1381612822666160226144025
https://doi.org/10.1210/en.2004-0728
https://doi.org/10.1073/pnas.88.24.11354
https://doi.org/10.1073/pnas.88.24.11354
https://doi.org/10.1023/a:1006196308001
https://doi.org/10.1038/bjp.2008.278
https://doi.org/10.1038/bjp.2008.278
https://doi.org/10.1016/j.cellsig.2005.06.014
https://doi.org/10.1016/j.cellsig.2005.06.014
https://doi.org/10.1186/bcr3189
https://doi.org/10.1074/jbc.AAC118.004299
https://doi.org/10.1111/cas.12438
https://doi.org/10.1111/cas.12438
https://doi.org/10.4143/crt.2019.510
https://doi.org/10.1111/cas.14676
https://doi.org/10.1016/j.radonc.2020.02.004
https://doi.org/10.1158/1541-7786.Mcr-17-0132
https://doi.org/10.1158/1541-7786.Mcr-17-0132
https://doi.org/10.1186/s12885-019-6301-1
https://doi.org/10.1186/s12885-019-6301-1
https://doi.org/10.2174/15665240113139990055
https://doi.org/10.2174/15665240113139990055
https://doi.org/10.1172/jci121685
https://doi.org/10.1016/j.lfs.2021.119776
https://doi.org/10.1016/j.lfs.2021.119776
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al.

Chronic Stress Effects on Tumor

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Receptor Agonist Isoproterenol. Toxicol In Vitro (2018) 50:29-39.
doi: 10.1016/j.tiv.2018.02.001

Decker AM, Decker JT, Jung Y, Cackowski FC, Daignault-Newton §,
Morgan TM, et al. Adrenergic Blockade Promotes Maintenance of
Dormancy in Prostate Cancer Through Upregulation of GAS6. Transl
Oncol (2020) 13:100781. doi: 10.1016/j.tranon.2020.100781

Jang HJ, Boo HJ, Lee HJ, Min HY, Lee HY. Chronic Stress Facilitates Lung
Tumorigenesis by Promoting Exocytosis of IGF2 in Lung Epithelial Cells.
Cancer Res (2016) 76:6607-19. doi: 10.1158/0008-5472.Can-16-0990
Budiu RA, Vlad AM, Nazario L, Bathula C, Cooper KL, Edmed ], et al.
Restraint and Social Isolation Stressors Differentially Regulate Adaptive
Immunity and Tumor Angiogenesis in a Breast Cancer Mouse Model.
Cancer Clin Oncol (2017) 6:12-24. doi: 10.5539/cco.v6nlpl2

Qian W, Lv S, Li J, Chen K, Jiang Z, Cheng L, et al. Norepinephrine
Enhances Cell Viability and Invasion, and Inhibits Apoptosis of Pancreatic
Cancer Cells in a Notch—1-Dependent Manner. Oncol Rep (2018) 40:3015-
23. doi: 10.3892/0r.2018.6696

Barbieri A, Bimonte S, Palma G, Luciano A, Rea D, Giudice A, et al. The
Stress Hormone Norepinephrine Increases Migration of Prostate Cancer
Cells In Vitro and In Vivo. Int ] Oncol (2015) 47:527-34. doi: 10.3892/
ij0.2015.3038

Banerjee J, Papu John AM, Schuller HM. Regulation of Nonsmall-Cell Lung
Cancer Stem Cell Like Cells by Neurotransmitters and Opioid Peptides. Int |
Cancer (2015) 137:2815-24. doi: 10.1002/ijc.29646

Flaherty RL, Owen M, Fagan-Murphy A, Intabli H, Healy D, Patel A, et al.
Glucocorticoids Induce Production of Reactive Oxygen Species/Reactive
Nitrogen Species and DNA Damage Through an Inos Mediated Pathway in
Breast Cancer. Breast Cancer Res (2017) 19:35. doi: 10.1186/s13058-017-
0823-8

Qin JF, Jin FJ, Li N, Guan HT, Lan L, Ni H, et al. Adrenergic Receptor 32
Activation by Stress Promotes Breast Cancer Progression Through
Macrophages M2 Polarization in Tumor Microenvironment. BMB Rep
(2015) 48:295-300. doi: 10.5483/bmbrep.2015.48.5.008

Zhi X, Li B, Li Z, Zhang ], Yu ], Zhang L, et al. Adrenergic Modulation of
AMPK-Dependent Autophagy by Chronic Stress Enhances Cell
Proliferation and Survival in Gastric Cancer. Int J Oncol (2019) 54:1625—
38. doi: 10.3892/ij0.2019.4753

Beaulieu JM, Gainetdinov RR. The Physiology, Signaling, and Pharmacology
of Dopamine Receptors. Pharmacol Rev (2011) 63:182-217. doi: 10.1124/
pr.110.002642

Saha B, Mondal AC, Basu S, Dasgupta PS. Circulating Dopamine Level, in
Lung Carcinoma Patients, Inhibits Proliferation and Cytotoxicity of CD4
+and CD8+ T Cells by D1 Dopamine Receptors: An In Vitro Analysis. Int
Immunopharmacol (2001) 1:1363-74. doi: 10.1016/s1567-5769(01)
00068-6

Moreno-Smith M, Lee S, Lu C, Nagaraja AS, He G, Rupaimoole R, et al.
Biologic Effects of Dopamine on Tumor Vasculature in Ovarian Carcinoma.
Neoplasia (2013) 15:502-10. doi: 10.1593/neo.121412

Liu H, Yang J, Zhang Y, Han ], Yang Y, Zhao Z, et al. Psychologic Stress
Drives Progression of Malignant Tumors via DRD2/HIFlo. Signaling.
Cancer Res (2021) 81:5353-65. doi: 10.1158/0008-5472.Can-21-1043
Jandaghi P, Najafabadi HS, Bauer AS, Papadakis A, Fassan M, Hall A, et al.
Expression of DRD2 is Increased in Human Pancreatic Ductal
Adenocarcinoma and Inhibitors Slow Tumor Growth in Mice.
Gastroenterology (2016) 151:1218-31. doi: 10.1053/j.gastro.2016.08.040
Bakhtou H, Olfatbakhsh A, Deezagi A, Ahangari G. The Expression of
Dopamine Receptors Gene and Their Potential Role in Targeting Breast
Cancer Cells With Selective Agonist and Antagonist Drugs. Could it be the
Novel Insight to Therapy? Curr Drug Discov Technol (2019) 16:184-97.
doi: 10.2174/1570163815666180130101421

Zhao Y, Jia Y, Shi T, Wang W, Shao D, Zheng X, et al. Depression
Promotes Hepatocellular Carcinoma Progression Through a
Glucocorticoids Mediated Up-Regulation of PD-1 Expression in Tumor
Infiltrating NK Cells. Carcinogenesis (2019). doi: 10.1093/carcin/
bgz01710.1093/carcin/bgz017

Wu W, Liu S, Liang Y, Zhou Z, Bian W, Liu X. Stress Hormone Cortisol
Enhances Bcl2 Like-12 Expression to Inhibit P53 in Hepatocellular Carcinoma
Cells. Dig Dis Sci (2017) 62:3495-500. doi: 10.1007/s10620-017-4798-1

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ji H, Liu N, Li J, Chen D, Luo D, Sun Q, et al. Oxytocin Involves in Chronic
Stress-Evoked Melanoma Metastasis via B-Arrestin 2-Mediated ERK Signaling
Pathway. Carcinogenesis (2019) 40:1395-404. doi: 10.1093/carcin/bgz064
Pan S, Yin K, Tang Z, Wang S, Chen Z, Wang Y, et al. Stimulation of
Hypothalamic Oxytocin Neurons Suppresses Colorectal Cancer Progression
in Mice. Elife (2021) 10:e67535. doi: 10.7554/eLife.67535

Péqueux C, Breton C, Hendrick JC, Hagelstein MT, Martens H, Winkler R,
et al. Oxytocin Synthesis and Oxytocin Receptor Expression by Cell Lines of
Human Small Cell Carcinoma of the Lung Stimulate Tumor Growth
Through Autocrine/Paracrine Signaling. Cancer Res (2002) 62:4623-9.
Ruff M, Schiffmann E, Terranova V, Pert CB. Neuropeptides are
Chemoattractants for Human Tumor Cells and Monocytes: A Possible
Mechanism for Metastasis. Clin Immunol Immunopathol (1985) 37:387-96.
doi: 10.1016/0090-1229(85)90108-4

Esteban F, Mufioz M, Gonzalez-Moles MA, Rosso M. A Role for Substance P
in Cancer Promotion and Progression: A Mechanism to Counteract
Intracellular Death Signals Following Oncogene Activation or DNA
Damage. Cancer Metastasis Rev (2006) 25:137-45. doi: 10.1007/s10555-
006-8161-9

Byrnes DM, Antoni MH, Goodkin K, Efantis-Potter J, Asthana D, Simon T, et al.
Stressful Events, Pessimism, Natural Killer Cell Cytotoxicity, and Cytotoxic/
Suppressor T Cells in HIV+ Black Women at Risk for Cervical Cancer.
Psychosom Med (1998) 60:714-22. doi: 10.1097/00006842-199811000-00009
Sommershof A, Scheuermann L, Koerner J, Groettrup M. Chronic Stress
Suppresses Anti-Tumor T(CD8+) Responses and Tumor Regression
Following Cancer Immunotherapy in a Mouse Model of Melanoma. Brain
Behav Immun (2017) 65:140-9. doi: 10.1016/j.bbi.2017.04.021

Huang X, Le W, Chen Q, Chen J, Zhu Y, Shi D, et al. Suppression of the
Innate Cancer-Killing Activity in Human Granulocytes by Stress Reaction as
a Possible Mechanism for Affecting Cancer Development. Stress (2020)
23:87-96. doi: 10.1080/10253890.2019.1645112

Ahmad SF, Zoheir KM, Ansari MA, Korashy HM, Bakheet SA, Ashour AE,
et al. Stimulation of the Histamine 4 Receptor With 4-Methylhistamine
Modulates the Effects of Chronic Stress on the Th1/Th2 Cytokine Balance.
Immunobiology (2015) 220:341-9. doi: 10.1016/j.imbio.2014.10.014

Hou N, Zhang X, Zhao L, Zhao X, Li Z, Song T, et al. A Novel Chronic
Stress-Induced Shift in the Thl to Th2 Response Promotes Colon Cancer
Growth. Biochem Biophys Res Commun (2013) 439:471-6. doi: 10.1016/
j.bbrc.2013.08.101

Frick LR, Arcos ML, Rapanelli M, Zappia MP, Brocco M, Mongini C, et al.
Chronic Restraint Stress Impairs T-Cell Immunity and Promotes Tumor
Progression in Mice. Stress (2009) 12:134-43. doi: 10.1080/10253890802137437
Yang R, Lin Q, Gao HB, Zhang P. Stress-Related Hormone Norepinephrine
Induces Interleukin-6 Expression in GES-1 Cells. Braz ] Med Biol Res (2014)
47:101-9. doi: 10.1590/1414-431x20133346

Li H, Chen L, Zhang Y, Lesage G, Zhang Y, Wu Y, et al. Chronic Stress
Promotes Lymphocyte Reduction Through TLR2 Mediated PI3K Signaling
in a B-Arrestin 2 Dependent Manner. ] Neuroimmunol (2011) 233:73-9.
doi: 10.1016/j.jneuroim.2010.11.015

Colon-Echevarria CB, Lamboy-Caraballo R, Aquino-Acevedo AN, Armaiz-
Pena GN. Neuroendocrine Regulation of Tumor-Associated Immune Cells.
Front Oncol (2019) 9:1077. doi: 10.3389/fonc.2019.01077

Chamorro S, Garcia-Vallejo JJ, Unger WW, Fernandes R], Bruijns SC, Laban
S, et al. TLR Triggering on Tolerogenic Dendritic Cells Results in TLR2 Up-
Regulation and a Reduced Proinflammatory Immune Program. J Immunol
(2009) 183:2984-94. doi: 10.4049/jimmunol.0801155

Scanzano A, Cosentino M. Adrenergic Regulation of Innate Immunity: A
Review. Front Pharmacol (2015) 6:171. doi: 10.3389/fphar.2015.00171
Black PH. Stress and the Inflammatory Response: A Review of Neurogenic
Inflammation. Brain Behav Immun (2002) 16:622-53. doi: 10.1016/s0889-
1591(02)00021-1

Segerstrom SC, Miller GE. Psychological Stress and the Human Immune
System: A Meta-Analytic Study of 30 Years of Inquiry. Psychol Bull (2004)
130:601-30. doi: 10.1037/0033-2909.130.4.601

Sanders VM, Baker RA, Ramer-Quinn DS, Kasprowicz DJ, Fuchs BA, Street
NE. Differential Expression of the Beta2-Adrenergic Receptor by Thl and
Th2 Clones: Implications for Cytokine Production and B Cell Help.
J Immunol (1997) 158:4200-10.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 738252


https://doi.org/10.1016/j.tiv.2018.02.001
https://doi.org/10.1016/j.tranon.2020.100781
https://doi.org/10.1158/0008-5472.Can-16-0990
https://doi.org/10.5539/cco.v6n1p12
https://doi.org/10.3892/or.2018.6696
https://doi.org/10.3892/ijo.2015.3038
https://doi.org/10.3892/ijo.2015.3038
https://doi.org/10.1002/ijc.29646
https://doi.org/10.1186/s13058-017-0823-8
https://doi.org/10.1186/s13058-017-0823-8
https://doi.org/10.5483/bmbrep.2015.48.5.008
https://doi.org/10.3892/ijo.2019.4753
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1016/s1567-5769(01)00068-6
https://doi.org/10.1016/s1567-5769(01)00068-6
https://doi.org/10.1593/neo.121412
https://doi.org/10.1158/0008-5472.Can-21-1043
https://doi.org/10.1053/j.gastro.2016.08.040
https://doi.org/10.2174/1570163815666180130101421
https://doi.org/10.1093/carcin/bgz01710.1093/carcin/bgz017
https://doi.org/10.1093/carcin/bgz01710.1093/carcin/bgz017
https://doi.org/10.1007/s10620-017-4798-1
https://doi.org/10.1093/carcin/bgz064
https://doi.org/10.7554/eLife.67535
https://doi.org/10.1016/0090-1229(85)90108-4
https://doi.org/10.1007/s10555-006-8161-9
https://doi.org/10.1007/s10555-006-8161-9
https://doi.org/10.1097/00006842-199811000-00009
https://doi.org/10.1016/j.bbi.2017.04.021
https://doi.org/10.1080/10253890.2019.1645112
https://doi.org/10.1016/j.imbio.2014.10.014
https://doi.org/10.1016/j.bbrc.2013.08.101
https://doi.org/10.1016/j.bbrc.2013.08.101
https://doi.org/10.1080/10253890802137437
https://doi.org/10.1590/1414-431x20133346
https://doi.org/10.1016/j.jneuroim.2010.11.015
https://doi.org/10.3389/fonc.2019.01077
https://doi.org/10.4049/jimmunol.0801155
https://doi.org/10.3389/fphar.2015.00171
https://doi.org/10.1016/s0889-1591(02)00021-1
https://doi.org/10.1016/s0889-1591(02)00021-1
https://doi.org/10.1037/0033-2909.130.4.601
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al.

Chronic Stress Effects on Tumor

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Le CP, Sloan EK. Stress-Driven Lymphatic Dissemination: An
Unanticipated Consequence of Communication Between the Sympathetic
Nervous System and Lymphatic Vasculature. Mol Cell Oncol (2016) 3:
e1177674. doi: 10.1080/23723556.2016.1177674

Yu LQ, Gao GL, Liu FJ, Zeng QJ. Dys-Psychological Stress Effect on
Expressions of P53 and Nfkbp65 in Human Ovarian Carcinoma. In Vivo.
Chin ] Cancer Res (2012) 24:245-8. doi: 10.1007/s11670-012-0245-1
Dawes RP, Burke KA, Byun DK, Xu Z, Stastka P, Chan L, et al. Chronic
Stress Exposure Suppresses Mammary Tumor Growth and Reduces
Circulating Exosome TGF-3 Content via B-Adrenergic Receptor Signaling
in MMTV-Pymt Mice. Breast Cancer (Auckl) (2020) 14:1178223420931511.
doi: 10.1177/1178223420931511

Kelly-Irving M, Mabile L, Grosclaude P, Lang T, Delpierre C. The
Embodiment of Adverse Childhood Experiences and Cancer Development:
Potential Biological Mechanisms and Pathways Across the Life Course. Int |
Public Health (2013) 58:3-11. doi: 10.1007/s00038-012-0370-0

Verma M, Rogers S, Divi RL, Schully SD, Nelson S, Joseph Su L, et al.
Epigenetic Research in Cancer Epidemiology: Trends, Opportunities, and
Challenges. Cancer Epidemiol Biomarkers Prev (2014) 23:223-33.
doi: 10.1158/1055-9965.Epi-13-0573

Feinberg AP. The Epigenetics of Cancer Etiology. Semin Cancer Biol (2004)
14:427-32. doi: 10.1016/j.semcancer.2004.06.005

Litzelman K, Verma M. Epigenetic Regulation in Biopsychosocial Pathways.
Methods Mol Biol (2015) 1238:549-67. doi: 10.1007/978-1-4939-1804-1_29
Sachdeva M, Mo YY. Mir-145-Mediated Suppression of Cell Growth,
Invasion and Metastasis. Am ] Transl Res (2010) 2:170-80.

Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR,
et al. Epigenetic Programming by Maternal Behavior. Nat Neurosci (2004)
7:847-54. doi: 10.1038/nn1276

Jaenisch R, Bird A. Epigenetic Regulation of Gene Expression: How the
Genome Integrates Intrinsic and Environmental Signals. Nat Genet (2003)
33 Suppl:245-54. doi: 10.1038/ng1089

Quail DF, Joyce JA. Microenvironmental Regulation of Tumor Progression
and Metastasis. Nat Med (2013) 19:1423-37. doi: 10.1038/nm.3394

Batie M, Frost ], Frost M, Wilson JW, Schofield P, Rocha S. Hypoxia Induces
Rapid Changes to Histone Methylation and Reprograms Chromatin. Science
(2019) 363:1222-6. doi: 10.1126/science.aau5870

Ravindran Menon D, Hammerlindl H, Torrano J, Schaider H, Fujita M.
Epigenetics and Metabolism at the Crossroads of Stress-Induced Plasticity,
Stemness and Therapeutic Resistance in Cancer. Theranostics (2020)
10:6261-77. doi: 10.7150/thno.42523

Zhang D, Ma QY, Hu HT, Zhang M. $2-Adrenergic Antagonists Suppress
Pancreatic Cancer Cell Invasion by Inhibiting CREB, Nfkb and AP-1. Cancer
Biol Ther (2010) 10:19-29. doi: 10.4161/cbt.10.1.11944

Liu J, Deng GH, Zhang ], Wang Y, Xia XY, Luo XM, et al. The Effect of
Chronic Stress on Anti-Angiogenesis of Sunitinib in Colorectal Cancer
Models. Psychoneuroendocrinology (2015) 52:130-42. doi: 10.1016/
j.psyneuen.2014.11.008

Schuller HM, Al-Wadei HA, Ullah MF, Plummer HK. 3rd. Regulation of
Pancreatic Cancer by Neuropsychological Stress Responses: A Novel Target
for Intervention. Carcinogenesis (2012) 33:191-6. doi: 10.1093/carcin/bgr251
Thaker PH, Han LY, Kamat AA, Arevalo JM, Takahashi R, Lu C, et al. Chronic
Stress Promotes Tumor Growth and Angiogenesis in a Mouse Model of
Ovarian Carcinoma. Nat Med (2006) 12:939-44. doi: 10.1038/nm1447

Cao L, Liu X, Lin EJ, Wang C, Choi EY, Riban V, et al. Environmental and
Genetic Activation of a Brain-Adipocyte BDNF/Leptin Axis Causes Cancer
Remission and Inhibition. Cell (2010) 142:52-64. doi: 10.1016/
j.cell.2010.05.029

Barron TI, Connolly RM, Sharp L, Bennett K, Visvanathan K. Beta Blockers
and Breast Cancer Mortality: A Population- Based Study. J Clin Oncol (2011)
29:2635-44. doi: 10.1200/jc0.2010.33.5422

Mugbil I, Fatima S, Azmi AS, Alsharidah AS, Khan SA, Aljaser F, et al.
Restraint Stress Abates the Antioxidant Potential of Melatonin on Dimethyl

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Benz (a) Anthracene (DMBA) Induced Carcinogenesis. Med Oncol (2020)
37:96. doi: 10.1007/5s12032-020-01422-5

Tejwani GA, Gudehithlu KP, Hanissian SH, Gienapp IE, Whitacre CC,
Malarkey WB. Facilitation of Dimethylbenz[a]Anthracene-Induced Rat
Mammary Tumorigenesis by Restraint Stress: Role of Beta-Endorphin,
Prolactin and Naltrexone. Carcinogenesis (1991) 12:637-41. doi: 10.1093/
carcin/12.4.637

Tilan J, Kitlinska J. Sympathetic Neurotransmitters and Tumor
Angiogenesis-Link Between Stress and Cancer Progression. ] Oncol (2010)
2010:539706. doi: 10.1155/2010/539706

King L, Christie D, Dare W, Bernaitis N, Chess-Williams R, McDermott C,
et al. Quinazoline Alpha-Adrenoreceptor Blockers as an Adjunct Cancer
Treatment: From Bench to Bedside. Eur J Pharmacol (2021) 893:173831.
doi: 10.1016/j.ejphar.2020.173831

Chang CH, Lee CH, Ko JC, Chang LY, Lee MC, Zhang JF, et al. Effect of -
Blocker in Treatment-Naive Patients With Advanced Lung Adenocarcinoma
Receiving First-Generation EGFR-Tkis. Front Oncol (2020) 10:583529.
doi: 10.3389/fonc.2020.583529

MacDonald CR, Bucsek MJ, Qiao G, Chen M, Evans L, Greenberg DJ, et al.
Adrenergic Receptor Signaling Regulates the Response of Tumors to Ionizing
Radiation. Radiat Res (2019) 191:585-9. doi: 10.1667/rr15193.1

Eng JW, Reed CB, Kokolus KM, Pitoniak R, Utley A, Bucsek M]J, et al.
Housing Temperature-Induced Stress Drives Therapeutic Resistance in
Murine Tumour Models Through B2-Adrenergic Receptor Activation. Nat
Commun (2015) 6:6426. doi: 10.1038/ncomms7426

Weberpals J, Jansen L, Haefeli WE, Hoffmeister M, Wolkewitz M, Herk-
Sukel M, et al. Pre- and Post-Diagnostic 3-Blocker Use and Lung Cancer
Survival: A Population-Based Cohort Study. Sci Rep (2017) 7:2911.
doi: 10.1038/s41598-017-02913-8

Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, Felip E, et al.
Erlotinib Versus Standard Chemotherapy as First-Line Treatment for
European Patients With Advanced EGFR Mutation-Positive non-Small-
Cell Lung Cancer (EURTAC): A Multicentre, Open-Label, Randomised
Phase 3 Trial. Lancet Oncol (2012) 13:239-46. doi: 10.1016/s1470-2045(11)
70393-x

Nilsson MB, Sun H, Diao L, Tong P, Liu D, Li L, et al. Stress Hormones
Promote EGFR Inhibitor Resistance in NSCLC: Implications for
Combinations With B-Blockers. Sci Transl Med (2017) 9(415):eaa04307.
doi: 10.1126/scitranslmed.aa04307

Saha J, Kim JH, Amaya CN, Witcher C, Khammanivong A, Korpela DM,
et al. Propranolol Sensitizes Vascular Sarcoma Cells to Doxorubicin by
Altering Lysosomal Drug Sequestration and Drug Eftflux. Front Oncol (2020)
10:614288. doi: 10.3389/fonc.2020.614288

Cole SW, Sood AK. Molecular Pathways: Beta-Adrenergic Signaling in
Cancer. Clin Cancer Res (2012) 18:1201-6. doi: 10.1158/1078-0432.Ccr-11-
0641

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hong, Ji and Lai. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 738252


https://doi.org/10.1080/23723556.2016.1177674
https://doi.org/10.1007/s11670-012-0245-1
https://doi.org/10.1177/1178223420931511
https://doi.org/10.1007/s00038-012-0370-0
https://doi.org/10.1158/1055-9965.Epi-13-0573
https://doi.org/10.1016/j.semcancer.2004.06.005
https://doi.org/10.1007/978-1-4939-1804-1_29
https://doi.org/10.1038/nn1276
https://doi.org/10.1038/ng1089
https://doi.org/10.1038/nm.3394
https://doi.org/10.1126/science.aau5870
https://doi.org/10.7150/thno.42523
https://doi.org/10.4161/cbt.10.1.11944
https://doi.org/10.1016/j.psyneuen.2014.11.008
https://doi.org/10.1016/j.psyneuen.2014.11.008
https://doi.org/10.1093/carcin/bgr251
https://doi.org/10.1038/nm1447
https://doi.org/10.1016/j.cell.2010.05.029
https://doi.org/10.1016/j.cell.2010.05.029
https://doi.org/10.1200/jco.2010.33.5422
https://doi.org/10.1007/s12032-020-01422-5
https://doi.org/10.1093/carcin/12.4.637
https://doi.org/10.1093/carcin/12.4.637
https://doi.org/10.1155/2010/539706
https://doi.org/10.1016/j.ejphar.2020.173831
https://doi.org/10.3389/fonc.2020.583529
https://doi.org/10.1667/rr15193.1
https://doi.org/10.1038/ncomms7426
https://doi.org/10.1038/s41598-017-02913-8
https://doi.org/10.1016/s1470-2045(11)70393-x
https://doi.org/10.1016/s1470-2045(11)70393-x
https://doi.org/10.1126/scitranslmed.aao4307
https://doi.org/10.3389/fonc.2020.614288
https://doi.org/10.1158/1078-0432.Ccr-11-0641
https://doi.org/10.1158/1078-0432.Ccr-11-0641
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Chronic Stress Effects on Tumor: Pathway and Mechanism
	1 Introduction
	2 Chronic Stress Promotes Tumor Growth Through the Neuroendocrine System
	2.1 Adrenergic Receptor Signal Pathway Induced by Chronic Stress
	2.1.1 The Activation of α-ARs
	2.1.2 The Activation of β-ARs

	2.2 The Dopamine Release Regulated by Chronic Stress
	2.3 The Excess of Glucocorticoid Induced by Chronic Stress
	2.4 The Secretion of Oxytocin and Substance P Induced by Chronic Stress

	3 Chronic Stress Promotes Tumor Growth by Affecting Immune-Related Factors
	4 Chronic Stress Promotes Tumour Growth Through the Interaction of Immunity and Neuroendocrine
	5 Chronic Stress Affects the Occurrence and Development of Tumors Through Epigenetic Inheritance
	6 The Development of Antitumor Drugs Targeting Chronic Stress Related Tumorigenesis and Chemoradiotherapy Resistance
	6.1 Effects of Drugs Targeting Adrenergic Receptors on Tumor Growth
	6.2 Effects of Immunomodulatory Drugs on Tumour Growth
	6.3 Effects of Adrenergic Receptor Antagonist on Tumour Chemoradiotherapy Resistance

	7 Concluding Remarks and Future Directions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


