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Long-term chronic stress is an important factor in the poor prognosis of cancer patients. Chronic stress reduces
the tissue infiltration of immune cells in the tumor microenvironment (TME) by continuously activating the
adrenergic signaling, inhibits antitumor immune response and tumor cell apoptosis while also inducing
epithelial-mesenchymal transition (EMT) and tumor angiogenesis, promoting tumor invasion and metastasis.
This review first summarizes how adrenergic signaling activates intracellular signaling by binding different
adrenergic receptor (AR) heterodimers. Then, we focused on reviewing adrenergic signaling to regulate multiple
functions of immune cells, including cell differentiation, migration, and cytokine secretion. In addition, the
article discusses the mechanisms by which adrenergic signaling exerts pro-tumorigenic effects by acting directly
on the tumor itself. It also highlights the use of adrenergic receptor modulators in cancer therapy, with particular
emphasis on their potential role in immunotherapy. Finally, the article reviews the beneficial effects of stress
intervention measures on cancer treatment. We think that enhancing the body’s antitumor response by adjusting

adrenergic signaling can enhance the efficacy of cancer treatment.

1. Introduction

Due to acute stress (such as surgery, exercise), chronic stress (such as
depression, social stress, and long-term cancer treatment) [1], and
a/p-AR regulators [2], the levels of catecholamines in cancer patients
and the catecholamine signaling pathway fluctuate. Chronic stress
continuously activates the sympathetic adrenal medulla (SAM) axis and
the hypothalamic-pituitary-adrenal (HPA) axis, increasing the release of
catecholamines and glucocorticoids [3]. Catecholamines (CA) include
norepinephrine (NE), epinephrine (EPI), and dopamine [4]; these
neuroendocrine factors reshape the TME and adjust the systemic im-
mune response by binding to the corresponding receptors on immune
cells or stromal cells. Among them, the signaling pathway caused by NE
and EPI activating AR is called "adrenergic signaling."

Chronic stress exerts its pro-tumorigenic effects in two main ways:
directly on the tumor itself and indirectly by modulating the body’s
immune system. On the one hand, most immune cells infiltrating tumor
tissues express AR and are regulated by adrenergic signals [5-8]. EPI

and NE can bind to « and p-AR on the surface of immune cells, regulate
the expression of cytokines or inhibitory ligands, suppress the body’s
antitumor immune response, and help the tumor escape immune sur-
veillance [9-14]. For example, -AR signaling significantly inhibits the
proliferation of antigen-specific CD8" T cells and interferon-y (IFN-y)
production [15], inhibits NK cell activity [10,16], recruits
tumor-associated macrophages (TAM) [17] and myeloid-derived sup-
pressor cells (MDSC) [18], and reduces the efflux of lymphocytes in
lymph nodes [19]. On the other hand, tumor cells induce intratumoral
nerve infiltration through the secretion of various neurotrophic factors
[20]. Sympathetic release of EPI/NE can promote tumor cell prolifera-
tion, evasion of apoptosis, invasion, and distant metastasis [21] by
binding to receptors on tumor cells, and it can also induce tumor vas-
culogenesis and lymphangiogenesis [22-25].

Based on the functional role of adrenergic signaling in tumors, re-
searchers have begun exploring whether blocking adrenergic signal
transduction is beneficial for antitumor therapy. Currently, most studies
focus on B-AR blockers. For example, $-AR blockers can reduce the
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impact of chronic stress-induced tumor occurrence and progression. The
use of B-AR blockers can enhance the antitumor efficacy of immune
checkpoint inhibitors [26-29], increase T-cell infiltration [30,31],
reduce tumor angiogenesis [32], and decrease the infiltration of
myeloid-derived suppressor cells (MDSC) [33]. Recent studies have
shown that using a2-AR agonists has a synergistic effect on immuno-
therapy, reducing the accumulation of immature MDSC and promoting
their in vitro maturation [34], increasing macrophage abundance in the
TME and recruiting and activating CD4" and CD8" T lymphocytes[35],
and upregulating innate and adaptive immune responses in macro-
phages and T cells [35]. In addition to medication, mind-body behav-
ioral management, including cognitive-behavioral therapy, positive
mindfulness-based stress reduction, and physical exercise, modulates
adrenergic signaling [36-38].
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Here, we first review the adrenergic signaling pathways in cancer
and the key role of this signal in regulating tumor-associated immune
cells and promoting tumor occurrence and cancer development. Then,
we summarize the application of adrenergic receptor modulators in
cancer treatment, particularly emphasizing their potential role in
immunotherapy. Using these modulators is expected to increase cancer
patients’ sensitivity to immunotherapy, providing new possibilities for
treatment. Finally, we review the beneficial effects of stress intervention
measures on cancer growth, emphasizing the importance of reducing
tumor burden while relieving patient stress. By comprehensively uti-
lizing these strategies, we can address cancer treatment challenges more
effectively and provide patients with more effective treatment options.

Stress Stimulation
+ Cancer diagnosis » Depression
« Radiotherapy * Anxiety
* Surgery * Fear of recurrence
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Fig. 1. Cancer patients typically endure significant physiological and psychological stress [59-62], including factors such as diagnosis [63], radiotherapy and
chemotherapy [63,64], surgery [65], cancer pain [66], depression [67], fear of recurrence [68], and more. Stress can transiently activate the SAM axis, stimulating
chromaffin cells in the adrenal medulla and sympathetic postganglionic fibers to release catecholamines (including dopamine, NE, and EPI) [69]. Additionally, stress
can activate the hypothalamic-pituitary-adrenal (HPA) axis, with hypothalamic neurons synthesizing and secreting corticotropin-releasing hormone (CRH) acting on
the anterior pituitary, promoting the synthesis and release of adrenocorticotropic hormone (ACTH), ultimately leading to adrenal cortex synthesis of glucocorticoids.
Glucocorticoids, by promoting the expression and activity of tyrosine hydroxylase and facilitating NE methylation, directly or indirectly stimulate the synthesis and
secretion of NE and EPI [70-72]. Furthermore, tumors recruit neural progenitor cells to the tumor microenvironment (TME) to form perineural networks [73,74].
Invasive sympathetic postganglionic fibers in tumors can release NE, signaling through a- and p-adrenergic receptors on the surface of tumor cells, immune cells, and

stromal cells [73].
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2. Stress response and signal transduction

Stress response refers to the body’s physiological, behavioral, and
psychological stress responses in the face of various physical and psy-
chological stressors, which are aimed at helping the organism adapt to
and combat external challenges [39,40]. Cancer patients undergo
various stresses during diagnosis and treatment (see Fig. 1), triggering
stress responses that activate the hypothalamic-pituitary-adrenal axis
(HPA) and the sympathetic nervous system (SNS), releasing EPI, NE, and
glucocorticoids. Stress responses can be categorized as acute or chronic,
depending on the duration and intensity of the stress. Acute stress is an
intense, sudden, stressful stimulus suffered over a short period (minutes
to hours). In contrast, chronic stress is a prolonged period (lasting for a
few hours, weeks, or months) in a stressful situation [41].

Acute and chronic stress have different effects on the body’s immune
system. Generally speaking, acute stress can quickly mobilize the im-
mune system and speed up the initiation of immune responses. Research
shows acute stress can enhance innate and adaptive immune responses,
vaccine-induced immune responses, and antitumor immune responses
[42-44]. The immune enhancement induced by acute stress benefits the
body, as it is an adaptive effect to restore internal balance [45]. In an-
imal studies, there are conflicting results regarding the impact of acute
stress on the growth of primary tumors. Some studies have found that
acute stress promotes the growth of primary tumors [46-50], while
others indicate that acute stress inhibits primary tumor development
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[51,52]. The inconsistent results may be influenced by factors such as
the source of stress, tumor models, and animal species. Despite the
inconsistent effects on primary tumors, most studies suggest that stress
contributes to the promotion of tumor metastasis. When the body is
subjected to chronic stress beyond its adaptive capacity, adaptive effects
shift to maladaptive effects, and short-term stress turns into harmful
chronic stress [53,54]. Chronic stress causes immune dysfunction or
suppression [55], affecting innate and adaptive immunity, reducing the
effectiveness of vaccination and wound healing, and leading to
decreased antitumor immunity and resistance to infection [43,44,56,
57]. Because each person’s physical condition and coping mechanisms
are unique [58], and there are significant individual differences, it is a
complex and critical issue to use stress reasonably to enhance protective
immunity and reduce the adverse effects of chronic stress.

Pressure triggers a neuroendocrine response, releasing neuroendo-
crine factors that act on a and p-AR to complete various regulations. NE
and EPI act through different subtypes of AR [75]. NE has a stronger
binding ability to a-AR, while EPI has a stronger affinity for p-AR. AR is a
G protein-coupled receptor superfamily member, with seven hydro-
phobic transmembrane domains, including a C-terminal intracellular
domain, an N-terminal extracellular domain, and three intracellular and
extracellular loops [75]. AR can be roughly divided into three classes:
al, a2, and B-AR, based on the differences in the intracellular C-terminal
region. al-AR and a2-AR are further subdivided into alA, a1B, a1D and
a2A, a2B, and a2 C, while p-AR is divided into p1, 2, and 3 [28]. a and

az2-AR

Inactivates AC

Fig. 2. Overview of the adrenergic signaling pathway. The chromaffin cells of the adrenal medulla and sympathetic nerve terminals produce epinephrine (EPI) and
norepinephrine (NE). (1) EPI and NE bind to $-AR on the cell surface, activating adenylate cyclase (AC), which converts ATP to cAMP. Then, cAMP activates PKA to
phosphorylate various intracellular target proteins, including MAPK, AKT, CREB, and transcription factors ATF, GATA1, BAD, and BARK. BARK recruits p-arrestin to
the cell membrane surface to inhibit p-AR signaling. (2) cAMP directly activates the exchange protein activated by cAMP (EPAC), which further activates the Rapla-
mediated B-Raf/MEK/ERK signaling pathway, and ERK regulates AP-1 and Ets transcriptional activity. (3) EPI and NE binding to «2-AR inhibit AC, reducing cAMP
production. (4) EPI and NE binding to a1-AR hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to produce inositol trisphosphate (IP3) and diacylglycerol

(DAG). IP3 induces Ca®* release into the cytoplasm, and DAG activates PKA.

w
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B-AR transmit information through different G protein-coupled re-
ceptors. After AR is activated, the conformation of the G protein-coupled
receptor changes, and the o subunit bound to GTP (Gas, Gai, and Goaq)
separates from the p and y subunits, becoming involved in downstream
signal transduction processes [76]. The distribution of different AR
subtypes in human tissues also varies. al-AR and a2-AR are widely
distributed in human tissues [77]. p1-AR is mainly expressed in the
heart, mediating the heart’s response to catecholamines. p2-AR is
mainly distributed in vascular and bronchial smooth muscle, while
B3-AR is mainly expressed in adipose tissue, stomach, and gallbladder
[78].

As shown in Fig. 2, when EPI and NE stimulate a and p-AR [79],
different Ga subunits separate from Gf/y subunits, triggering different
downstream signals [80]. First, after f-AR binds to Gas protein, it acti-
vates adenylyl cyclase (AC), stimulating AC to generate cAMP [81].
cAMP mainly regulates cell function through two major downstream
effect systems. The first system is the PKA-independent pathway, where
cAMP activates protein kinase A (PKA) [82] to phosphorylate various
intracellular target proteins [83], including MAPK, protein kinase B
(AKT), and cAMP response element-binding protein (CREB) signaling
pathways, as well as transcription factors ATF, GATA1, and p-adrenergic

®

+ Blocking metabolic reprogramming
of CD8+ T cells,

« Inhibits CD8+ T cell activation and
effector function

+ Inhibits cytokine
secretion

+ ReducesCD4+ T cell
infiltration, and
enhances Treg cell
inhibitory activity

N Ce,

« Decreased l K Ly
proliferation of o e
peripheral B cells ¢ i - }/53{—

Bt I\ [ y rl|
Pl -\\_._.Jy

* Reduced NK cytotoxicity .
* Up-regulated PD-1 expression
in tumor-infiltrating NK cells.

Biomedicine & Pharmacotherapy 175 (2024) 116609

receptor kinase (BARK [84]). At the same time, BARK induces p-arrestin
to bind to phosphorylated active receptors, thereby inhibiting B-AR
signal transduction and temporarily desensitizing p-AR signal trans-
duction. It also activates the Src/Ras/mitogen-activated protein kinase
(MAPK [85]) pathway. In the non-classical pathways induced by -AR
signal transduction, GRK2 or GRK5/6 phosphorylate p-AR in an agonist
concentration-dependent manner [14] and then recruit p-arrestin 1/2.
Among them, f-arrestin 1 activates cAMP-PKA signal transduction, and
B-arrestin 2 activates MAPK-ERK1/2 signal transduction [86,87]. In
addition, PKA can also phosphorylate BAD (Bcl-2 family pro-apoptotic
member), leading to its inactivation and promoting cell survival [88].
For the PKA-independent pathway, the guanine nucleotide exchange
factor (EPAC) contains a cAMP binding site regulated by cAMP [89].
EPAC can activate Ras-like guanosine triphosphatase (RaplA) [90],
which further activates the B-Raf-MEK-extracellular signal-regulated
kinase 1/2 (ERK1/2) signaling pathway [91]. The elevation of ERK1/2
can phosphorylate AP-1 and Ets [84]. However, a2-AR plays the oppo-
site role, reducing adenylyl cyclase (AC) and inhibiting cAMP produc-
tion through coupling the Gai pathway [92]. In addition, a1-AR induces
the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to pro-
duce inositol trisphosphate (IP3) and diacylglycerol (DAG) through the
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Fig. 3. Stress-activated adrenergic signaling regulates immune cell function. (A) Blocking metabolic reprogramming of CD8" T cells inhibits the activation and
effector function of CD8™ T cells. (B) Inhibition of T-cell factor secretion reduces CD4™ T cell infiltration in the TME and enhances the suppressive activity of Treg
cells. (C) Decrease peripheral B cell proliferation. (D) Decrease NK cytotoxicity and upregulate PD-1 expression in tumor-infiltrating NK cells. (E) Increased splenic
and circulating MDSC with concomitant increases in IL-10 and NO2 production. (F) Induction of M2 macrophage differentiation and recruitment to TMEs converted
to tumor-associated macrophages; inhibition of macrophage phagocytosis and reduced IL-10 production in macrophages. (G) Increased dendritic cell (DC) IL-6 and
IL-10 expression decreased IL-12 production; a-AR signaling promoted DC migration, while p-AR signaling inhibited DC migration. Induction of Th2 phenotype
production via DC. (H) Reduced neutrophil CD11b/CD18 expression, ROS production, and migration.
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Gagq family of o subunits [93]. Among these, IP3 induces the release of
Ca?* stored in the endoplasmic reticulum into the cytoplasm, and DAG
can activate the intracellular target PKA [94].

3. Adrenaline signaling reshapes the tumor immune
microenvironment

The body regulates the immune system by synthesizing and secreting
neuroendocrine factors through the neuroendocrine system [95]. Stress
induces the production of neuroendocrine factors that modulate the
function of immune cells by binding to the appropriate receptors on the
immune cells. Innate immune cells express al, p2, and a2-AR, while
adaptive immune cells mainly express p2-AR [10,96,97]. Additionally,
both primary (bone marrow and thymus) and secondary (spleen and
lymph nodes) lymphoid organs are also regulated by adrenergic
signaling [98], which can control lymphocyte trafficking to regulate
adaptive immune responses [99]. We summarize the main aspects of
adrenergic regulation of immune cell function in cancer (Fig. 3).

3.1. T lymphocytes

T lymphocytes are a crucial part of the antitumor immune response
in the TME [100]. Improving the infiltration of T lymphocytes in the
TME is extremely important for enhancing the effectiveness of radio-
therapy, chemotherapy, and immune activators [101-103]. The sym-
pathetic nervous system has a controlling effect on all primary and
secondary immune organs. When the sympathetic nervous system is
stimulated, the postganglionic fibers release NE, which activates the P38
kinase activity through the B-AR/Gs/PKA pathway, upregulating the
expression of the Fas ligand, leading to changes in T cell reactivity and
cell apoptosis [104]. It also leads to a decrease in the number of CD4™ T
cells in the primary lymphoid organ (thymus) [105] and regulates the
outward migration of T lymphocytes in the secondary lymphoid organ
(Iymph node) via p2-AR [19].

CD4"T cells, under the influence of adrenergic signals, can produce
cytokines that promote tumor effects or transform into inhibitory im-
mune cells. p2-AR signals increase the proportion of regulatory T (Treg)
cells in CD4" T lymphocytes by inducing the expression of Foxp3 in
CD4™T cells [106] and enhance the inhibitory activity of Treg cells by
increasing the expression of cytotoxic T lymphocyte-associated protein 4
(CTLA4) [107]. Adrenergic signals can also activate p-AR signals on
CD4™" T cells, causing Th1 cells to transform into Th2 cells and increase
the production of IL-6 and IL-10 by Th2 cells. In addition, adrenergic
signals can inhibit the release of IL-2, IL-12, tumor necrosis factor-alpha
(TNF-), and interferon-gamma (INF-y) by CD4" T cells [97,108].

The expression of p2-AR in CD8™ T cells is related to their differen-
tiation stage, with the expression of $2-AR in memory CD8" T cells (Tcm
and Tem) significantly higher than in naive T cells. Therefore, memory
CD8* T cells are more susceptible to adrenergic signaling. NE reduces
the expansion of memory CD8" T cells and inhibits the production of IL-
2 and IFN-y when memory CD8™ T cells are restimulated [109]. IL-2 and
B2-AR jointly regulate the activation and function of CD8" T cells, as
IL-2 can increase the expression of p2-AR on effector CD8™ T cells [110].
Studies have also found that p2-AR signaling can inhibit metabolic
reprogramming during CD8" T cell activation, suppressing glucose up-
take and glycolysis, thereby inhibiting the activation and effector
function of CD8" T cells [111]. Conversely, blocking -AR signaling can
increase glycolysis and oxidative phosphorylation in tumor-infiltrating
lymphocytes (TIL) [112]. Chronic stress reduces the number of TIL
[113], impairs their metabolism, suppresses their activity, and increases
the expression of programmed cell death protein 1 (PD-1) and cyto-
toxicity [111,114]. Furthermore, a-AR is also involved in regulating T
lymphocyte proliferation and cytokine production. Activation of a2-AR
can inhibit lymphocyte proliferation and reduce the production of cy-
tokines such as IFN-y and IL-4 [115]. In summary, NE and EPI in the
TME shape the tumor immune-suppressive microenvironment by
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binding to AR on the surface of T lymphocytes. This includes inhibiting
cell function, promoting metabolic dysfunction and exhaustion of T
cells, and inducing the formation of suppressive immune cells [116].

3.2. B lymphocytes

Like T lymphocytes, stress can induce B lymphocytes to mobilize into
the blood and reduce efflux, affecting the redistribution of B lympho-
cytes [41,117,118]. B lymphocytes may play a crucial role in tumor
immunity, and there are various B lymphocyte populations in the TME,
including immature B cells, memory B cells, activated memory B cells,
and plasma cells [119]. Stimulating p2-AR on B lymphocytes can in-
crease CD86 expression [120] and the secretion of IgG1 and IgE [121],
but does not affect class switch recombination[122]. Meanwhile, the
interaction between CD86 on the surface of B lymphocytes and CD28 on
the surface of Th2 cells promotes the secretion of IL-4 by Th2 cells [121,
123]. In the presence of IL-4, activated B cells can increase IgE secretion
through the p2-AR-cAMP-PKA signaling pathway[122]. Further
research has found that 2-AR-induced IgE increase depends on p38
MAPK activation rather than PKA [122]. Additionally, soluble CD23
(sCD23) levels increase in a p2-AR-induced p38 MAPK-dependent
manner and upregulate IgE through interaction with CD21/CD19
[122]. Studies have found that perioperative breast cancer patients
taking fB-blockers and COX2 inhibitors can increase tumor-infiltrating B
cells [124]. Tumor-infiltrating B lymphocytes are an important
component of tertiary lymphoid structures in tumor tissue, closely
related to antitumor immune activation and immune therapy response
[125]. However, no studies in tumor-related fields have clarified how
adrenergic signaling in TME regulates B lymphocytes, and most of the
existing studies have focused on non-tumor fields. It is necessary to
explore how adrenergic signaling in the TME of stress tumor models
affects the function of B lymphocytes and the relationship between B
lymphocytes and other immune cells.

3.3. Monocytes and macrophages

Stable-state monocytes circulate in the blood, bone marrow, and
spleen; however, monocytes migrate to tissues during inflammatory
stimulation and differentiate into macrophages and DC [126,127]. The
impact of f-AR on monocyte function is mainly immune suppression and
anti-inflammatory, such as downregulating TNF-a expression [128],
inhibiting phagocytosis of Candida albicans129, and reducing the pro-
duction of IL-18 and IL-12 when monocytes are stimulated by LPS [129].
B-AR stimulation in monocytes regulates the release of inflammatory
factors, for example, increasing the production of IL-18 [130] and
upregulating the expression and release of CD23 induced by IL-4 [131,
132]. In addition to $-AR, monocytes also express a-AR on their surface,
and stimulation by LPS and p2-AR agonists upregulates the expression of
alB and alD-AR mRNA [130,133]. As monocytes differentiate into
macrophages in vitro, the AR subtype changes [134], and the response
to B-AR stimulation is lost [135].

Research has shown that treating mice with isoproterenol before the
spread of tumor cells to the metastatic site increases the expression of
CCL2 in lung stromal cells and the expression of CCR2 in monocytes and
macrophages. This leads to increased output of lung monocytes and
infiltration of macrophages before metastasis, promoting the settlement
of tumor cells [136]. B-AR signaling increases the infiltration of mac-
rophages (CD11b+, F4/80+) at the primary tumor site, promotes
M2-like macrophage differentiation, and induces the expression of
pro-metastasis genes [17]. Interestingly, macrophages stimulated by
B-adrenaline exhibit an M2 phenotype but do not entirely fit the M1/M2
lineage [137]. Yan C and others found that NE stimulation promotes the
release of neuropeptide Y (NPY) from Myc-CaP cells and enhances
intratumoral infiltration of CD68™ TAM in a depression mouse model
and patients with depressive symptoms [138]. In addition, NE inhibits
the phagocytic efficiency of macrophages by activating p-AR [139].



H. Zhang et al.

B2-AR signaling reduces the production of IL-6, IL-1f, and TNF-a by
monocyte-derived macrophages [140], whereas o-AR signaling in-
creases the secretion of pro-inflammatory cytokines [141,142]. In
summary, adrenaline signaling affects macrophage polarization and
cytokine production, promoting the recruitment of TAM in the TME to
exert pro-cancer effects.

3.4. Dendritic cells

It has been found that stress induces an increase in more immature
phenotypes (MHCII- and CD86-) of DC cells, resulting in their inability to
activate CD8" T cells and negatively affecting CD8" T cell-dependent
antitumor immune responses [143]. The activation of o, p-AR has
opposite effects on DC migration ability, with o-AR signaling promoting
DC migration, while p-AR signaling inhibits DC migration [144,145].
Several studies have shown that NE regulates DC secretion factors
through B-AR signaling, inhibiting IL-12 production, increasing IL-10
and IL-33 production to suppress TH1 response, and promoting Th2
differentiation [144,146,147]. EPI can also promote the generation of
dominant Th2/Th17 phenotypes induced by bone marrow-derived DC
[148]. The role of Th17 cells in tumor immunity is still unclear. Stim-
ulation of f2-AR can reduce the cross-presentation ability of mature DCs
while retaining the exogenous peptide presentation ability;
cross-presentation inhibition is related to impaired phagosome antigen
degradation [149]. Subsequent studies have shown that f2-AR activa-
tion can inhibit the cross-presentation of DC antigen proteins to CD8" T
cells but retains its exogenous major histocompatibility complex (MHC)
class I peptide presentation ability [150]. a2-AR agonists can inhibit the
hydrolysis of phagosome proteins in mouse DCs, reduce the expression
of surface molecules IA(b) and CD86, and inhibit the proliferation of
cognate helper T cells [151].

The degree of antitumor response of dendritic cells (DC) is related to
their mature state when they migrate. Research has found that immature
DC, when stimulated by p2-AR, enhances antitumor response and
significantly reduces tumor growth. However, no significant effect was
observed on tumor-loaded antigen-matured DC [152]. In addition,
chronic stress can enhance the expression of vascular endothelial growth
factor (VEGF), matrix metalloproteinase 2 (MMP2), and MMP9 in tumor
cells [22], which significantly affects the maturation of precursor den-
dritic cells, promoting tumor evasion of the host immune system [153].
This also explains why stress-induced tumor-bearing mice produce more
DC, but effective DC cells are fewer than normal mice [143]. Dendritic
cells (DC) play an important role in capturing, processing, and pre-
senting antigens; tumor cells evade immune recognition by inhibiting
DC function and interfering with antigen processing and presentation
[154]. Therefore, it is necessary to understand further the impact of
stress on DC function in cancer and whether it hinders immunotherapy.

3.5. Natural killer cells

Many studies suggest that the main mechanism through which SNS
activation promotes cancer progression is by reducing NK cell activity
via B-AR signaling. Chronic stress has decreased the toxicity of tumor-
infiltrating lymphocytes and NK cells in ovarian cancer patients [155].
NE and EPI stimulation of p-AR inhibits NK cell cytotoxicity [156,157],
decreasing resistance to tumor metastasis [15,158,159]. However, EPI
may also enhance NK cell cytotoxicity at lower levels [160], and using
a-AR agonists can enhance NK cell function [161]. In breast cancer
patients under chronic stress, NK cell response to IFN-y is weakened, and
their cytotoxic capacity is impaired [162]. Furthermore, Kimberly A.
and others found that the impaired cytotoxic capacity of NK cells is
related to changes in the surface expression of the Kkiller
immunoglobulin-like receptor CD158b [163]. In addition to reducing
NK cell cytotoxicity, p-AR signaling also decreases the adhesion of NK
cells to endothelial cells [164].

Adrenaline can regulate the mobilization and redistribution of NK
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cells [6,165]. Surgery stress reduces the concentration of circulating NK
cells and the expression of FAS ligand and CD11a on their surface [166].
Several studies have shown that acute stress regulates the redistribution
of NK cells by activating f-AR receptors. For example, -AR blockers
reverse the decrease in lung and blood NK cells [167]. Giving B-AR
blockers during exercise can inhibit the migration of NK cells [168]. In
addition, B-AR also participates in regulating NK antiviral activity.
Reducing stress can enhance the activity of NK cells in breast cancer
patients [169]. Mice treated with $2-AR agonists are more susceptible to
MCMV infection [170], but lacking p2-AR expression impairs the
expansion and memory of NK cells during MCMV infection [171]. The
above shows that stress can lead to impaired cytotoxicity of NK cells and
decreased antitumor function. As a major component of innate immu-
nity, NK cells can recognize and kill tumor cells and virus-infected cells
in the early stages [172,173]. Two typical subgroups are
CD56brightCD16™ and CD56dimCD16". However, there is no research
yet to confirm whether adrenaline signaling can affect the specific
phenotype of NK cells by changing the expression of CD56 and CD16,
thereby affecting the number of NK cells and antitumor immunity in
peripheral blood and TME.

3.6. Myeloid-derived suppressor cells

The signals of the sympathetic nervous system can induce the dif-
ferentiation of hematopoietic stem cells into bone marrow cell lineages,
leading to an increase in mononuclear cells, myeloid-derived suppressor
cells (MDSC), and neutrophils [42-144]. while impairing the generation
of lymphocytes and red blood cells [174]. B-AR signals can promote
further differentiation of MDSC into polymorphonuclear (PMN)-MDSC
and monocytic (M)-MDSC [18,175]. However, the absence of a-AR
signals can lead to the accumulation of MDSC [34], demonstrating the
different effects of a and p-AR signals on MDSC. Activation of the brain
reward system in tumor patients can reduce the release of sympathetic
nervous system signals, thereby reducing the production of MDSC in the
bone marrow and significantly increasing the expression of granzyme B
on CD8+ T cells, ultimately weakening tumor growth [176]. Genetic
elimination of f2-AR or the use of jj receptor blockers can restore mice’s
tumor immunity, further confirming this receptor’s critical role in im-
mune regulation [175].

The stimulation of $-AR signals can cause MDSC to mobilize from the
bone marrow into the circulation and migrate to tumor tissues under
various chemokines, exerting immunosuppressive effects [34,177,178].
Surgery is a common cancer treatment and a source of acute stress,
which can induce an increase in MDSC in the TME [179] and promote
tumor metastasis by promoting early infiltration to metastatic sites [180,
181]. p2-AR signal transduction not only increases the frequency of
MDSC in tumor tissues but also enhances the immunosuppressive
function of MDSC by downregulating apoptosis-related genes and
upregulating the expression of immune inhibitory molecules (such as
arginase 1 and PDL1) [182]. Studies have also found that chronic
stress-induced MDSC not only inhibits T cell proliferation [106] but also
promotes the transformation and survival of Tregs (regulatory T cells)
by secreting immunoregulatory cytokines (such as TGF-$ and IL-10) and
attracting Tregs to the TME [183], further exerting immunosuppressive
effects and promoting tumor progression [184]. Research reports that
B2-AR signaling regulates MDSC by altering its metabolism to enhance
its immunosuppressive function [11,12]. Specifically, tumor growth
leads to increased expression of f2-AR on MDSC, and B2-AR signaling
affects the metabolic processes of MDSC, including promoting fatty acid
oxidation, autophagy, and the production of prostaglandin E2. These
metabolic changes further enhance the immunosuppressive function of
MDSC. In summary, $2-AR signal transduction affects tumor progression
by increasing the number of MDSC, improving the survival of MDSC,
upregulating the expression of immune inhibitory molecules, and
altering the metabolism of MDSC, ultimately leading to immunosup-
pression in the TME and tumor progression.
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3.7. Neutrophils

Chronic stress promotes the generation of monocytes and neutro-
phils in the bone marrow [174]. Multiple studies have indicated neu-
trophils express various adrenergic receptors (AR), with p2-AR being the
main type [8,185]. In addition to inflammatory factors directly stimu-
lating the expression of AR receptors in neutrophils, different diseases,
intense exercise, and surgery can also affect the expression of AR re-
ceptors [186-189]. High concentrations of adrenaline stimulation
mildly affect the expression of adhesion molecules CD15, CD44, and
CD54 [190]. Prolonged exposure to adrenaline can promote the pro-
duction of myeloperoxidase (MPO) and the release of IL-6 in neutrophils
but inhibit the production of IFN-y and IL-10, causing damage to
neutrophil activation and phagocytic activity [185]. Stress-stimulated
mice had suppressed neutrophil phagocytic activity and increased
melanoma metastasis [191]. In another study using a stress-induced
mouse tumor model, adrenaline rapidly released the SI00A8/A9 com-
plex by activating neutrophil p2-AR and activated MPO produced
oxidized or hydrolyzed phospholipids. These lipids reactivated dormant
tumor cells by upregulating FGFR signaling in tumor cells [192]. 2-AR
signaling can inhibit the respiratory burst of neutrophils [193] and their
adhesion to endothelial cells [194]. Adrenaline can rapidly mobilize the
number of neutrophils by stimulating a-AR [195], and a gout animal
model overexpressing a2B-AR has confirmed this by increasing the
migration ability of neutrophils to enhance the infiltration of neutro-
phils in the inflammatory environment [196]. Due to the regulation of
neutrophil migration by AR, in the case of continuous adrenaline stress,
neutrophils will flow into the wound, delaying wound healing [197],
which may lead to poor postoperative outcomes and even inflammation
in cancer patients. In conclusion, adrenaline may play a significant role
in processes such as inflammation and tumor metastasis by affecting the
function of neutrophils. Researchers can explore how adrenergic
signaling affects the function and activation status of neutrophils to
reveal the mechanism of adrenergic effects on neutrophils.

3.8. Other immune cells

Most studies on eosinophils, basophils, and mast cells have focused
on allergic reactions, but AR signaling also regulates their activity. It has
been reported that EPI injection decreases circulating eosinophils, while
B-AR antagonists have the opposite effect [198]. B-AR agonists can affect
the survival of eosinophils and reduce the number of eosinophils
adhering to the vascular endothelium at the site of inflammation, pre-
venting their entry into the airways [199,200]. Basophils express
different types of AR, and the activation of a2-AR can inhibit histamine
secretion by basophils during allergies [201]. EPI reduces antigen acti-
vation of basophils from the peripheral blood of atopic donors, and
propranolol can reverse the inhibitory effect of EPI [202]. 2-AR acti-
vation can also inhibit histamine release from human lung mast cells and
peripheral blood mast cells [203,204]. Gamma Delta (y8) T cells account
for about 5 % of the total T cells in the blood, participating in defending
against infectious diseases and inhibiting the occurrence and progres-
sion of tumors[205]. Studies have reported that y8T lymphocytes are
mobilized by psychological stress, exercise, and p-AR agonists, and the
degree of mobilization is greater than that of CD8" T lymphocytes but
less than NK cells [206]. Another study confirmed that EPI can rapidly
mobilize CD4(-) CD8(-) y/8T cells [207]. However, research on these
immune cells is still relatively limited, and further exploration is needed
to understand their role in tumor immunity.

In summary, chronic stress suppresses the activity of immune cells
and activates immunosuppressive cells, reshaping the tumor immune
microenvironment and inhibiting the body’s immune response, ulti-
mately promoting tumor progression. Normal antitumor immune
response forms the basis of cancer treatment, including surgery, radio-
therapy, chemotherapy, and immunotherapy. Therefore, it is necessary
to manage stress appropriately to mitigate its detrimental effects on
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cancer.

4. Adrenergic signaling regulates the biological behavior of
tumors

The adrenaline signal, in addition to causing immune dysfunction to
promote cancer progression, also acts directly on the tumor itself to
regulate various biological behaviors of the tumor. Here, we focus on
discussing the role of adrenaline signaling in regulating the biological
behavior of tumors, including promoting tumor initiation, cell prolif-
eration, anti-cell death, inducing EMT, and activating invasion and
metastasis.

4.1. DNA damage and oncogene activation

Research reports that prolonged chronic stress can lead to DNA
damage, promoting the occurrence of tumors [208,209]. Researchers
investigated the mechanism of stress-induced DNA damage (Fig. 4).
They found that catecholamines activate B-arrest-
in-1/PI3K/AKT-mediated phosphorylation of E3 ubiquitin ligase murine
double minute 2 (MDM2) through 2-AR signaling [210] and promote
Mdm2-mediated tumor ubiquitination and p53 degradation of sup-
pressor proteins [210], leading to chromosomal instability as well as
tumorigenesis [211]. The genetic loss of propranolol and ARRB1 can
inhibit the accumulation of DNA damage during stress [212]. Further
research reveals that isoproterenol generates ROS through the PKA
signal, causing DNA damage [213]. Inhibiting PKA can reduce the
accumulation of isoproterenol-induced DNA damage [210]. Addition-
ally, adrenaline signaling can stimulate the activation of various onco-
genes. In ovarian cancer samples, NE levels are correlated with pSrc
levels, and it has been demonstrated that f-AR/PKA enhances tumor cell
proliferation, invasion, and migration by regulating Src phosphorylation
at residue Y419 [214]. Similarly, the expression of Her-2 in breast
cancer is associated with p-AR, where EPI activates transcription acti-
vator 3 (STAT3) through p2-AR, subsequently activating the ERBB2
promoter to stimulate Her-2 expression [215]. However, it is still un-
clear whether long-term activation of $-AR inhibiting DNA damage
repair increases the rate and probability of cancer in the body.

4.2. Tumor cell proliferation and apoptosis

Stress hormones play a critical role in regulating the proliferation
and apoptosis of tumor cells and have been validated in various cancers
(Fig. 5). Specifically, al and p-AR signaling activate the MEK-MAPK-
ERK-1 signaling pathway, inducing the transcriptional activation of
growth genes (such as JUN, Fos, Myc), promoting cell proliferation. It
has been shown that p2-AR/Src inhibits nest loss apoptosis in ovarian
cancer cells by activating the Y397 adhesion patch kinase (FAK) site
when ovarian tumor cells are stimulated with epinephrine or NE [216].
Simultaneously, stress upregulates the expression of anti-apoptotic
proteins BCL-2 and MCP-1 within tumor cells and [217], through the
f2-AR-PKA pathway, promotes the phosphorylation and inactivation of
the pro-apoptotic protein BAD [218], thereby reducing cancer cell
sensitivity to apoptosis. Blocking AR signaling significantly reduces the
expression of anti-apoptotic proteins [217]. Research on a prostate
cancer mouse model also confirms that stress hormones reduce cell
apoptosis through the p2-AR/PKA/BAD anti-apoptotic signaling
pathway, thereby promoting the occurrence of prostate cancer.

Several in vitro experiments have shown that after cancer cells are
stimulated by AR signaling, the number of G1 and G2 phases is reduced,
and the proliferation is promoted dose-dependent [219-223]. However,
there exist some contrary findings. P2 agonists via the
f2-AR/cAMP/PKA pathway can block the Raf-1/Mek-1/Erkl/2
pathway [224], thus reducing cell proliferation in vitro and tumor
growth in vivo [225].

This contradiction may be related to the molecular mechanisms of



H. Zhang et al.

=N
- T,

Biomedicine & Pharmacotherapy 175 (2024) 116609

Activates AC

G

PI3K/AKT activation and
Mdm2 phosphorylation

Prolonged lowering p53

)
o .

(PKA)

A

:

Oxidative stress

T
o
2

v

oncogene

p53 degradation and
impaired genome
maintenance

Fig. 4. B-AR signaling regulates DNA damage and oncogene activation in cancer cells. (1) $-AR signaling activates PI3K-AKT through cAMP, activating MDM2 and
tumor suppressor protein ubiquitination and p53 degradation mediated by p-arrl, resulting in chromosomal instability and tumorigenesis. (2) cCAMP activates PKA-
Src-STAT3, activating oncogenes and inducing DNA damage through ROS activation.

downstream pathways under AR signals in different tumors, and further
research is needed for clarification. In addition, f3-AR is involved in
regulating melanoma cell proliferation and apoptosis and inducing the
expression of stem cell markers. Stimulation of p3-AR induces a meta-
bolic shift in melanoma cells from oxidative metabolism to glycolysis,
maintaining the Warburg effect characteristic of tumor cells [226,227].
Therefore, stress hormones have complex regulatory effects on the sur-
vival and proliferation of tumor cells, and future research will contribute
to a more comprehensive understanding of these regulatory
mechanisms.

4.3. Extracellular matrix invasion

EMT is the process of epithelial cells transforming into mesenchymal
cells, acquiring the ability to invade and migrate [228]. It has been
shown that NE can induce EMT through activation of p2-AR (Fig. 6)
[229], which allows tumor cells to cross the basement membrane,
invade surrounding tissues, and even enter blood vessels or lymphatic
vessels for long-distance metastasis [230]. NE, through the activation of
the p2-AR-hypoxia-inducible factor-la (HIF-1a)-Snail signaling
pathway, can decrease the expression of E-cadherin and increase the
expression of vimentin, inducing EMT changes in gastric adenocarci-
noma cells and enhancing the migration and invasion capabilities of
tumor cells [229]. On the other hand, research has found that silencing
B2-AR can lead to changes in cell morphology and gene expression,
increasing the expression of vimentin and N-cadherin, promoting cell
invasion, and transforming into benign prostate epithelial cells, which
are typical features of EMT [231]. This may be related to changes in the
activity of Rapl, which can promote cell-cell adhesion and cell-matrix
adhesion, maintaining the epithelial cell phenotype of pancreatic cells
[232]. Therefore, inhibiting p2-AR can reduce intracellular cAMP levels,
leading to Rapl inactivation and the loss of cell adhesion and EMT
adhesion. We believe that the reasons for the differential effects of p2-AR
signaling may be related to the TME and the expression levels of p2-AR.

4.4. Angiogenesis

As tumors grow unchecked, cells continuously form blood vessels to
obtain oxygen and nutrients [233]. Newly formed nerve fibers regulate
angiogenesis [234,235], while activation of the sympathetic nervous
system is considered a key switch for tumor angiogenesis, primarily
achieved by altering the metabolism of endothelial cells. The loss of
B2-AR in endothelial cells increases the expression of mitochondrial
cytochrome c oxidase assembly factor COA6, elevating the oxidative
phosphorylation level of endothelial cells, thereby inhibiting angio-
genesis [74]. In addition, various pro-angiogenic factors produced by
tumor cells play a crucial role in angiogenesis, with VEGF being
particularly important [234]. Activation of $-AR not only upregulates
the expression of VEGF but also stimulates tumor cells to increase the
synthesis and release of various pro-angiogenic factors, including IL-8,
IL-6, and matrix metalloproteinases (MMP)-2 and MMP-9 [236-238].
Furthermore, p-AR signaling can reduce the expression of
anti-angiogenic factors. Phosphorylation of PKA inhibits TSP1 produc-
tion through epigenetic regulation [239] and also phosphorylates GRK3,
which inhibits the expression of TSP1 and fibrinolytic plasminogen
activator inhibitor 2 (PAI2) [240]. Additionally, it has been confirmed
that p3-AR is involved in recruiting circulating stromal cell precursors,
maintaining the secretion of pro-inflammatory cytokines, and promot-
ing angiogenesis. Further studies indicate that blocking p3-AR can
reduce tumor angiogenesis by inducing apoptosis of endothelial cells
[241].

The growth of solid tumors often leads to hypoxia in the microen-
vironment, stimulating the release of more NE by the sympathetic ner-
vous system, thereby significantly enhancing the angiogenic effect of
NE. Hypoxia can also result in the elevation of HIF-a/HIF-f [242,243],
activating angiogenesis-related genes, inducing the expression of VEGF,
and promoting tumor angiogenesis [244]. In addition, catecholamines,
besides inducing tumor cells to secrete pro-angiogenic factors, can also
stimulate stromal cells (such as TAM) in the TME to release MMP-9,
enhancing the angiogenic capability [245,246]. Catecholamines stimu-
lating a-AR can also induce the proliferation and migration of
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Fig. 5. Adrenergic signaling regulates tumor cell proliferation, apoptosis, and tumor angiogenesis. (1) p-AR signaling activates PKA through cAMP, and PKA en-
hances the anti-apoptotic ability of tumor cells through the phosphorylation of BAD, Src-FAK, and CREB-Bcl-2 signaling pathways. (2) a1 and $-AR signaling activate
the MEK-MAPK-ERK-1 signaling pathway, inducing the transcriptional activation of growth genes (JUN, Fos, Myc) to stimulate cell proliferation. (3) After PKA
phosphorylates CREB, the expression levels of MMP2, MMP9, and VEGFA increase, inducing histone deacetylase 2 (HDAC2) to inhibit the production of
thrombospondin-1 (TSP1) through epigenetic regulation. PKA phosphorylation of GRK3 inhibits the expression of TSP1 and the fibrinolytic activator inhibitor

2 (PAI2).

endothelial cells and promote the formation of capillaries. The hypoxic
environment may further enhance these effects [247,248]. The syner-
gistic action of these factors strengthens tumor angiogenesis and inva-
sive development. Future research will need to delve deeper into the
interrelationships among neurotransmitters, growth factors, and hyp-
oxia to better reveal the intricate mechanisms of the regulation network
for tumor angiogenesis, providing a more profound understanding of
precise intervention in tumor therapy.

4.5. Invasion and metastasis

Tumor invasion and metastasis are among the primary causes of
cancer-related deaths [249]. In this complex process, the tumor at the
primary site breaks through the basement membrane and invades the
circulatory system through local invasion. Tumor cells are transported
to distal sites throughout the body to form small, hidden metastases.
This series of steps has been described as an "invasive-metastatic cascade
"[250,251] and is regulated by the adrenergic system (Fig. 7). In addi-
tion to the previously mentioned promotion of distant tumor metastasis
by angiogenesis, stress hormones can induce tumor cells to release
MMP-2, MMP-7, and MMP-9, promoting cancer cell migration by
degrading the extracellular matrix [22,25]. Multiple studies have indi-
cated [252-256] that p-AR signaling can facilitate the pre-migration
effects of tumors, while propranolol can block this effect. Stimulation
by NE induces endothelial cells to release growth-regulated oncogene o
(GROa) and Pl-integrin, increasing the adhesive strength of breast
cancer cells [257].

In prostate cancer, the activation of $-AR signaling contributes to the

formation of bone metastases. Osteoblasts stimulated by isoprenaline
increase CXCL12 secretion through the p2-AR-HIF-1a signaling pathway
and bind to CXCR4 on the surface of prostate cancer cells, thereby
promoting invasion, metastasis and EMT of prostate cancer cells [240].
Furthermore,B-AR signaling promotes lung metastasis of circulating
breast cancer cells by upregulating the expression of CCL2 in lung
stromal cells and CCR2 in monocytes/macrophages, reshaping the
pre-metastatic ecological niche [136]. Adrenergic signaling can also
induce the differentiation of macrophages into M2 macrophages,
inducing the expression of pro-metastatic molecules and enabling
distant metastasis of in situ tumors [17].

Moreover, adrenaline activation of lactate dehydrogenase A (LDHA)
produces lactate, adjusting the pH to favor ubiquitination and stabili-
zation of MYC mediated by ubiquitin-specific protease 28 (USP28).
Simultaneously, it activates the transcription of SLUG, stimulating
breast cancer stem cells and promoting distant breast cancer metastasis
[258]. NE induces phosphorylation of L-type voltage-dependent calcium
channels (VDCC) via the B-AR-PKA pathway, and VDCC stimulates the
cytosolic action of insulin-like growth factor 2 (IGF2), which induces
sustained activation of the insulin-like growth factor receptor (IGF-1R),
thereby promoting cancer metastasis [259]. Research on the impact of
a2A-AR on cervical cancer suggests that its presence can improve patient
prognosis by inhibiting the PI3K/Akt/mTOR pathway and suppressing
cell proliferation, migration, and invasion [260]. In future studies, a
deeper understanding of adrenergic signaling’s regulatory mechanisms
in the invasion and metastasis processes will contribute to developing
more precise and effective cancer therapies.

In summary, chronic stress-induced sustained activation of
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adrenergic signaling has multifaceted effects on the biological behavior
of tumors. Adrenergic signaling activation involves multiple pathways,
including the regulation of DNA damage repair, EMT induction, cell
proliferation modulation, and resistance to apoptosis, as well as influ-
encing tumor angiogenesis and promoting invasion and metastasis. In
this complex network, tumor cells, stimulated by adrenergic signals,
adapt and promote tumor development by activating different signaling
pathways.

5. Reversing the application of chronic stress in cancer
treatment

A large body of research consistently demonstrates that chronic
stress promotes the occurrence and progression of cancer. Therefore,
implementing appropriate interventions to reverse chronic stress can
enhance the effectiveness of antitumor treatments for cancer patients.
Psychosocial interventions in cancer patients include body therapies
(such as massage and tai chi), mindfulness, and cognitive-behavioral
therapy. These psychosocial interventions impact patients’ physiolog-
ical and psychological states through multiple pathways. Additionally,
pharmacological interventions primarily involve AR receptor modula-
tors, especially p-AR blockers and a-AR agonists, which may alleviate
stress responses by modulating adrenergic signaling pathways.

5.1. Psychosocial and behavioral management: psychological support and
exercise intervention

Various psychological and behavioral interventions are widely
employed in cancer patients to alleviate stress, anxiety, and depression
and to enhance the effectiveness of antitumor treatment and quality of
life [36]. Cognitive-behavioral therapy (CBT), mindfulness-based stress
reduction (MBSR), physical exercise, massage, acupuncture, and other
methods have all shown significant efficacy in cancer patients [36-38].
These psychological intervention measures positively impact the im-
mune system, including regulating cellular immunity and reducing
inflammation levels.

CBT is a psychological therapy that helps patients identify and
change negative thinking and behavior patterns to improve emotional
and mental health. Randomized controlled trials with breast cancer
patients have shown that CBT-based psychological interventions can
reduce pain and negative emotions, boost cell immunity, and improve
health conditions [261,262]. MBSR can also alleviate cancer-related
stress and control pain and mental pressure in metastatic cancer pa-
tients [263,264]. Additionally, it can reduce pro-inflammatory gene
expression and inflammation signal transmission [265], promote the
recovery of lymphocyte subsets [266], and enhance the effectiveness of
early palliative care. Furthermore, researchers have found that enrich-
ing the living environment of mice can enhance NK cell antitumor im-
munity through SNS-dependent NKG2D and CCRS5 enhancement [267].
Another study reported that an enriched living environment could
activate the p-ARs/CCL2 signaling pathway, inhibit TAM and G-MDSCs
infiltration, increase the number of CD8" T cells, protect mice from
tumor growth, and overcome resistance based on PD-L1 checkpoint
blockade [268]. In addition, a fatigue-reducing diet can improve sleep
quality and fatigue symptoms in breast cancer patients [269], while
therapies such as massage [270], tai chi [271], and acupuncture [271]
can alleviate pain and fatigue, ultimately improving patient prognosis
and quality of life.

Moderate physical activity plays an important role in cancer patients,
helping to reduce anxiety and depression by modulating neuroendocrine
activity and enhancing immune surveillance [272]. Regular exercise has
positive effects on the immune system of cancer patients, including
increasing the toxicity activity of NK cells [273-276] and reshaping the
T cell repertoire [277-281], thereby reducing systemic inflammation
[282] and enhancing immune surveillance. After acute exercise, im-
mune cells are stimulated and infiltrate the tumor within hours. Exercise
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increases NK cell infiltration into tumors by regulating chemokines,
activating receptors, and increasing cytotoxic activity [283-285].
Furthermore, exercise training can reduce the infiltration of immune
subgroups (such as MDSC [286] and M2-type TAM [287]) in tumors,
increase the infiltration and effector function of CD8" T cells in tumors
[288-290], and positively impact dendritic cells by increasing their
infiltration into tumors [291]. Acute exercise can expand the specific
cytotoxic T cells (CTL) in blood samples, providing the possibility of
isolating, expanding, and transferring CTL from healthy donors to can-
cer patients, which may help reduce the risk of recurrence and become
an effective strategy for adoptive T cell therapy for cancer [292].
Compared to other traditional cancer treatment methods, regular exer-
cise can enhance the body’s immunity without harmful side effects. By
adjusting the activity and composition of immune cells, regular exercise
may become a beneficial adjunctive method in the comprehensive
treatment of cancer patients [272].

In summary, mind-body interventions as an integrative therapeutic
strategy show potential benefits in regulating patients’ psychological
status, improving quality of life, and enhancing immune function.
However, more in-depth future research is needed to clarify when to
intervene, who benefits most, and how to do so most effectively.

5.2. AR receptor modulators

AR receptor modulators play a crucial role in cancer treatment,
especially in reversing the promoting effect of chronic stress on cancer
progression. Current research is mainly focused on f§ and o receptor
modulators.

5.3. B-AR receptor blockers

Extensive studies have shown that non-selective f§ receptor blocker
propranolol has anti-cancer effects on various cancers such as breast
cancer, colon cancer, prostate cancer, ovarian cancer, and melanoma. In
2014, the US Food and Drug Administration approved propranolol as a
first-line treatment for proliferative infantile hemangioma [293]. Pro-
pranolol reduces tumor growth rate by blocking adrenergic signals. As
previously discussed, the multiple effects of adrenergic signal regulation
on immune cell function suggest that blocking adrenergic signals may
restore stress-induced immune suppression.

Propranolol has become the standard treatment for infantile hem-
angiomas (IH). Its mechanism of action includes inhibiting IH blood
vessel dilation, blocking VEGF-mediated blood vessel formation, and
increasing cell apoptosis. In vitro studies have also shown that pro-
pranolol reverses the relaxation of hemangioma-derived pericytes
induced by adrenaline, reduces the proliferation of HemPericytes and
HemEC, and reduces the blood vessel volume derived from HemPer-
icyte/HemEC in vivo [294]. In addition, propranolol also inhibits tube
formation of human brain endothelial cells and secretion of MMP-9
[295] and inhibits the expression of VEGF and bFGF in
hemangioma-derived stem cells [296], indicating its anti-angiogenic
effect.

B-AR signaling blockade can remodel the TME. Qiao G et al. were the
earliest to reduce adrenergic stress signaling by first using temperature
to mimic emergency stimuli in a mouse tumor model and then by using a
pB-blocker, and the findings of this study reported that mice treated with
propranolol blockade showed an increase in the cell frequency of the
CD8*T effector phenotype due to an increase in the CD8'T effector
CD8'T cell to CD4"Treg (IFNy+CD8+) ratio increased and PD-1
expression decreased [114]. p2-AR signaling inhibits CD8+ T cell acti-
vation through metabolic remodeling [111], and blocking p2-AR
signaling increases glycolysis and oxidative phosphorylation in CD8"
TIL [112]. The functional state of T cells correlates with metabolic
remodeling, with naive and memory T cells preferentially passing
through oxidative phosphorylation, whereas effector T cells are depen-
dent on glycolysis [297]. Furthermore, it was found that p-receptor
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blockers significantly reduced the depletion of T cells expressing im-
mune checkpoint receptors in the TME [112], and increased the
recruitment of CD28 expression related to PD-1 on the surface of TIL
[114], which is necessary for the reversal of CD8'T cell depletion by
PD-1 targeted therapy [298]. In addition to affecting T cells in the TME,
blocking B-AR signaling also regulates the generation and immune
function of bone marrow MDSCs. Positive emotions reduced the gen-
eration of bone marrow MDSCs in a mouse tumor model, reducing the
inhibitory effect of MDSCs on T cells [299]. Similar results were also
observed in tumor mice treated with B-receptor blockers, which reduced
the abundance of MDSC cells in the TME, decreased the ability of MDSCs
to suppress T cell proliferation, and increased the expression of Fas re-
ceptors and apoptosis levels on the surface of MDSCs [300]. This may be
the reason for the increased sensitivity to anti-PD-1 therapy with p2-AR
blockade. In addition, studies have shown that f3-AR antagonists can
reduce the immunosuppressive cell subpopulations in the TME and in-
crease the immunoreactive cell subpopulations, thereby regulating the
immune tolerance of melanoma. $3-AR antagonists increase the number
of NK cells and CD8*T cells and adjust the ratio of M1/M2 macrophages
and the level of N1 neutrophils. At the same time, $3-AR blockade also
eliminates Treg and MDSC subpopulations in the TME [301]. Surpris-
ingly, research has shown that unstressed MMTV-PyMT mice, when
administered the non-selective p-adrenergic receptor antagonist nadolol
over the long term, experience increased tumor burden, lung metastasis,
and spleen MDSC frequency [302]. On the other hand, stress inhibits
tumor growth by reducing MDSC frequency in the lungs and spleen and
extracellular vesicle TGF-p content [302]. Notably, TGF-§ aids cancer
cells in evading the immune system and developing resistance to
immunotherapy [303]. To counteract the negative regulatory effects of
TGF-, Yi et al. constructed and validated the antitumor activity of the
TGF-B/PD-L1 dual-specific antibodies BiTP (for humans) [304] and
YM101 (for mice) [305]. Subsequent studies demonstrated an
enhancement in the therapeutic efficacy of YM101 [306] using MSA-2
[307] and bivalent manganese, effectively overcoming immunotherapy
resistance.

Surgical removal of the primary tumor is the main treatment for
cancer patients. However, the stress response caused by surgery can lead
to the release of stress hormones, which may be the reason for the
increased susceptibility to tumor metastasis after surgery [308,309].
Research has found that surgery reduces the toxicity of natural killer
cells and the expression of cell surface Fas ligand and CD11a. Combined
blockade therapy of COX-2 and B-AR counteracts these interferences.
Multiple studies have confirmed that perioperative COX-2 and (-AR
blockade can prevent tumor metastasis and recurrence [124,166,310].
The combination of two drugs (propranolol and etodolac) attenuates the
immunosuppression associated with perioperative stress stimuli, e.g.,
decreases in pro-metastatic/pro-inflammatory transcription factors,
decreases in  tumor-infiltrating = monocytes, increases in
tumor-infiltrating B-cells, and enhances the expression of CD1la on
circulating natural killer cells, and by doing so, reduces postoperative
spontaneous metastasis and improves survival in a variety of tumor
models [124,166,310].

The lack of oxygen in the TME can promote the formation of a more
aggressive and invasive phenotype [311]. Hypoxia-inducible factor
(HIF) mediates the signaling pathways induced by hypoxia, regulating
tumor cell growth [312], vascular formation [313], and metabolic
reprogramming [314]. Studies have shown that propranolol can
downregulate the expression of hypoxia-induced HIF-1a and HIF-2q,
reducing the expression of HIF target genes in vascular endothelial cells,
including VEGF, erythropoietin (EPO), and SRY homology box2 (Sox2),
thereby inhibiting cell proliferation and inducing apoptosis [315]. In
addition, p2-AR signaling negatively regulates autophagy, stabilizes
HIF-1a, and promotes the proliferation and survival of hepatocellular
carcinoma cells, while ICI118,551 (a f2-AR antagonist) can reverse this
process [316]. Propranolol also induces the regression of vascular tumor
cells by regulating the HIF1a-VEGF-A signaling pathway to
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downregulate the activity of PI3-Akt and p38 MAPK [315,317].
Recently, Barathova M and others studied the role of propranolol in the
hypoxic TME [318,319], finding that it not only reduces the expression
levels of carbonic anhydrase IX (CA IX) and HIFla but also affects the
activity of CA IX by lowering the activity of PKA and CA IX, thereby
inhibiting the proliferation and migration of tumor cells in a 3D sphere
model. Therefore, blocking f-AR may reduce the ability of tumor cells to
adapt to hypoxic stress. These findings provide a theoretical basis for
further research into treatment strategies for hypoxic conditions in the
TME.

5.4. a-AR receptor modulators

al-AR antagonists are widely used to treat patients with benign
prostatic hyperplasia (BPH), and it was later discovered that they have
an anti-proliferative effect on prostate cancer (PCa). It has been reported
that the incidence of PCa in BPH patients treated with a1-AR antagonists
is significantly lower and related to the cumulative duration of a1-AR
antagonist use [320,321]. Some studies have found that tamsulosin
(a1-AR antagonist) inhibits the growth of prostate cancer by promoting
apoptosis of stromal cells and epithelial cells, leading to G1 cell cycle
arrest in PCa cells [296,322]. It can also induce apoptosis in cancer cell
lines such as HeLa, LNCaP, and HGC27 [323,324]. Tamsulosin can also
induce apoptosis of mesothelioma cells by activating caspase-3 and —8
through a1-AR-Gq/11-PKC, increasing TNF-a expression and Fas-Ligand
secretion [325]. In addition, in a xenograft mouse colorectal cancer
model, HUHS1015 (a tamsulosin analog) induces cell apoptosis through
mitochondrial damage and activation of caspase-3 and —9, inhibiting
colon cancer growth [326]. Interestingly, some studies suggest that
tamsulosin’s anti-cancer effects seem unrelated to its al-AR antagonist
properties [325,327,328].

Previous studies have shown that a2-AR agonists promote cancer
progression. Activating the a2-AR signaling pathway promotes breast
cancer tumor growth and metastasis, in contrast to the antagonism of
a2-AR signaling, reversing this promotion [329]. Stress conditions seem
necessary in determining the effectiveness of a2-AR antagonist therapy.
Under non-stress conditions, blocking a2-AR can increase the size and
distant spread of primary breast cancer [330]. This may be related to the
increase in catecholamines caused by a2-AR blockade and the increase
in B-AR signaling. Propranolol inhibits the effects of blocking. Therefore,
can it be considered that a2-AR agonists can inhibit cancer progression
by inhibiting the sympathetic nervous system to reduce f-AR signaling?
Previous studies have shown that disrupting a-AR signaling leads to the
accumulation of MDSC in tumors, inhibiting tumor immunity and pro-
moting tumor growth [34]. Recent studies suggest that a2-AR activation
triggers tumor immune rejection, and a2-AR agonists (clonidine) in-
crease the tumor infiltration of CD4" and CD8™ T cells and in secondary
lymphoid organs (lymph nodes and spleen). TME tumor-associated
macrophage infiltration increases, MHC II expression increases, and
phagocytic ability increases. When liposomes depleted macrophages in
tumor-bearing mice, the antitumor effect of clonidine decreased, and
TIL did not increase. The results indicate that macrophages mediate the
recruitment and activation of CD4" and CD8" T lymphocytes in the
TME [35]. However, studies have shown that a2-AR agonists have two
extremes in their effects on cancer. Some studies suggest that a2-AR
agonists can increase the proliferation of tumor cells [331], while others
suggest the opposite [332,333]. The differential effects of a2-AR ago-
nists on cancer may be related to drug dosage, which requires further
research to elucidate the specific mechanisms underlying the
differences.

Based on the potential shown by AR modulators in cancer treatment,
researchers have begun to explore using AR modulators in combination
therapy to enhance cancer treatment. We conducted a retrospective
summary in Table 1. Overall, adrenergic receptor modulators demon-
strate diverse mechanisms of action in cancer treatment, including
influencing tumor immune response, inhibiting angiogenesis, regulating
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Table 1
Studies related to combination therapy with adrenergic receptor modulators.
Cancer type Combination drug ~ Mechanism of action Research
osteosarcoma Propranolol and Blocking cell cycle [26]
cisplatin progression and altering
actin cytoskeleton dynamics
soft tissue Propranolol and Increasing the number of [27]
sarcoma anti-CTLA4 tumor-infiltrating T cells to
reduce tumor angiogenesis,
decreasing intra-tumor
MDSC
Colorectal and Propranolol and Reduces cell viability and [334]
triple-negative chloroquine enhances apoptosis
breast cancer
colorectal cancer Propranolol and Reduced depletion of tumor- [335]
irinotecan infiltrating T cells
colon cancer Propranolol and Increased Marginal [310]
etodolac Hepatitis (MH)-NK
Cytotoxicity Against CT26
Tumor Lineage
Colorectal Propranolol and Enhancement of apoptosis [336,
cancer, herpes and inhibition of 337]
stomach lysodexviruses angiogenesis in colorectal
cancer cancer cells.
Enhancement of
transmission of lysosomal
herpesvirus in gastric
cancer.
colon cancer Propranolol and Increased metabolic activity [338]
ionizing radiation during CD8™" T cell
therapy activation, decreased
frequency of
immunosuppressive M2
macrophages in tumors
colorectal cancer Propranolol and Inhibition of HIF1a, [319]
5-fluorouracil carbonic anhydrase IX
Disruption of hypoxic
adaptation mechanisms,
activation of apoptosis
cervix Propranolol and Enhancement of apoptosis in [339]
trabectedin cervical cancer cells
multiple Propranolol and Reduces mitochondrial [340]
myeloma melphalan or/and  respiration and glycolytic
bortezomib activity in tumor cells and
induces apoptosis and
autophagy
pancreatic Colistin and PD- Induction of apoptosis in [219]
L1/CTLA4 pancreatic cancer cells
colon cancer Colistin and PD- Upregulation of macrophage  [35]
L1/CTLA4 and T cell innate and

adaptive immune response
pathways

cell apoptosis, and affecting the biological behavior of tumor cells. This
provides new ideas and strategies for future cancer treatment. However,
further in-depth research is needed to verify its therapeutic effects and
potential mechanisms.

6. Conclusion

Current research has provided insight into the mechanisms by which
chronic stress contributes to cancer development. Chronic stress induces
sustained activation of the HPA axis and SNS, leading to overproduction
of NE and EPI and activation of a- and p-adrenergic receptor signaling.
This altered adrenergic signaling remodels the TME, leading to a
decrease in the number and function of immune cells, an increase in
immunosuppressive cells (e.g., MDSC and TAM), and an enhanced
immunosuppressive effect. In contrast, a2-adrenergic receptor signaling
stimulates antitumor immunity, reduces MDSC infiltration, and pro-
motes macrophage recruitment and activation of antitumor T-cells,
resulting in an enhanced antitumor immune response.

Based on the understanding of the adverse effects of chronic stress on
tumors, researchers have begun to focus on reducing the pro-cancer
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effects of chronic stress by modulating adrenergic signaling and
exploring the therapeutic effects of combining it with cancer therapies,
such as chemotherapy, immunotherapy, and targeted therapies. Several
studies have shown that adrenergic receptor modulators show great
potential in the combination therapy of cancer. By using 2-adrenergic
receptor antagonists or a2-adrenergic receptor agonists, the therapeutic
effect of immune checkpoint inhibitors (ICIs) can be improved by
increasing the number of CD8" T cells in the TME and transforming
"cold" tumors that are unresponsive or weakly responsive to immune
response into "hot" tumors that respond well to immunotherapy.

The researchers also explored the effectiveness of mind-body
behavior management in combination with other anticancer therapies.
Mind-body behavior management includes CBT, MBSR, and physical
exercise, which have shown significant effects in relieving psychological
stress and improving the quality of survival in cancer patients. In
particular, the positive effects of mind-body behavior management on
the immune system have been affirmed, including modulation of
cellular immunity and reduction of inflammation levels. These in-
terventions not only improve patients’ emotional and mental health
through psychotherapeutic approaches but also play a positive role at
the level of the immune system and are expected to be an important part
of a comprehensive treatment strategy.

However, there are still some shortcomings in the study of chronic
stress-promoting mechanisms of cancer. Inconsistency in assessing stress
levels in animal models [341] and marked differences in the dosage of
AR modulators may lead to discrepancies in study results. Most studies
have focused only on the effect of signaling pathways on the overall
tumor without insight into the individual differences of immune cells in
TME, so there is a need to gain insight into the characterization of im-
mune cells in TME by techniques such as single-cell sequencing. In
addition, the drug repurposing of AR modulators is mainly focused on
animal models, and the design of preclinical studies is flawed, with
studies focusing on clinical relevance and more limited exploration of
detailed therapeutic mechanisms. Although the safety of AR modulators
has been demonstrated in preclinical models and clinical applications,
the safety of AR modulators as combination therapeutic agents needs to
be reassessed. Therefore, research on chronic stress-cancer interactions
still needs to be explored and validated in greater depth.
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