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Abstract: Metastasis, the leading cause of death in patients with solid tumors, involves the spread of cancer cells to
distant organs. While genetic and environmental factors contribute, chronic stress is a crucial factor in metastatic
progression by disrupting neuroendocrine, immune, metabolic, and microbial homeostasis. This review synthesizes
evidence linking chronic stress to tumor metastasis through three pathways: (1) direct effects on tumor cell me-
tabolism, (2) remodeling of the tumor microenvironment, and (3) dysregulation of the gut microbiota. Describe
how activation of the hypothalamic-pituitary-adrenal axis and sympathetic nervous system influence epithelial-mes-
enchymal transition, immune evasion, and angiogenesis via B-adrenergic and glucocorticoid receptor signaling.
Explore how microbial metabolites and barrier dysfunction influence immune and neuroendocrine circuits, creating
a pro-metastatic loop. Finally, we highlight therapeutic strategies, including psychological interventions and phar-
macologic approaches, to alleviate chronic stress. This review proposes a mechanistic framework linking neuroen-
docrine signaling, metabolic reprogramming, and the microbiome-immune axis.
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Introduction

Tumors, as one of the most significant factors
affecting human health, have become a focal
point of global medical research. This is espe-
cially true for patients with metastatic solid
tumors, whose five-year survival rate ranges
from 5% to 30%, highlighting the complexity of
the metastatic process and the challenges of
treatment. Unfortunately, approximately 90%
of patients with cancer ultimately die from
tumor metastasis [1, 2] underscoring the
importance of controlling metastasis, which is
key to improving patients with cancer survival
rates. Controlling tumor metastasis is crucial
for enhancing survival outcomes. Tumor metas-
tasis involves not only the spread of cancer
cells to other parts of the body but also severe
damage to normal tissue and organ function,
accompanied by a series of complications. For
instance, bone metastasis can lead to frac-

tures and severe pain, significantly impacting
the patient’s quality of life [3]; Lung metastasis,
on the other hand, may cause symptoms such
as difficulty breathing and hemoptysis [4], pre-
senting a substantial threat to patient safety.
Additionally, liver metastasis can severely affect
the liver's metabolism and detoxification func-
tions, potentially resulting in life-threatening
conditions such as liver failure [5]. According to
statistics, approximately 18 million people are
diagnosed with cancer each year, with 10-15%
experiencing metastasis, highlighting the wide-
spread and severe nature of this issue.
Unfortunately, existing treatment options still
fail to effectively address the challenge of tumor
metastasis, making further research and break-
throughs in the medical community urgently
needed.

Chronic stress plays a critical role in the com-
plex process of tumor metastasis. Numerous

https://doi.org/10.62347/0KKH6279


http://www.ajcr.us
https://doi.org/10.62347/OKKH6279


Stress-driven metastatic reprogramming

studies have demonstrated that prolonged
exposure to chronic stress can significantly
suppress immune system function, reducing
the body’s ability to detect and eliminate tumor
cells. This suppression may also promote
immune evasion by tumor cells, exacerbating
disease progression and potentially leading to
treatment resistance [6, 7]. Therefore, in-depth
research into the specific mechanisms by which
chronic stress facilitates tumor metastasis is of
immense importance for uncovering the under-
lying processes of metastasis and developing
new, more effective treatment strategies.

Purpose and significance

This review systematically examines the three
main pathways through which chronic stress
promotes tumor metastasis via the “neural-
tumor microenvironment-microbial community”
interaction network. It provides an in-depth
analysis of the mechanistic basis for the com-
plex interactions between multiple organs,
such as the brain-gut-tumor axis. Additionally,
this study identifies crucial intervention targets
for drug development aimed at effectively
responding to and regulating stress-related
pathways. Although studies have established a
clear connection between chronic stress and
tumor metastasis, the specific molecular mech-
anisms remain underexplored and require fur-
ther investigation. This review integrates vari-
ous system-level mechanisms, addressing the
gap in mechanistic connectivity and offering
robust theoretical support for the prevention
and control of tumor metastasis, thus advanc-
ing research in related fields.

Chronic stress
Definition

Stress, a complex and pervasive phenomenon,
is a non-specific systemic response that occurs
when internal and external environmental stim-
uli exceed the body’s tolerance threshold [8].
This reaction is not merely a simple response to
external challenges but involves a series of
intricate physiological mechanisms. The most
central of these mechanisms are the activation
of the hypothalamic-pituitary-adrenal (HPA)
axis and the sympathetic nervous system
(SNS). Activation of these systems leads to
abnormal hormone release, which in turn trig-
gers gene signaling pathways related to tumor
development, promoting biological processes
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associated with cancer [9, 10]. The complexity
and significance of this mechanism underscore
the close relationship between stress and
health, particularly in the onset and progres-
sion of cancer.

Chronic stress is a prolonged physiological
state resulting from sustained exposure to vari-
ous internal or external stimuli. The hallmark of
this state is the persistent dysfunction of the
HPA axis and SNS [9], which not only disrupts
normal body functions but can also precipitate
a range of health issues. Long-term stress
responses contribute to hippocampal neuronal
damage and abnormal changes in prefrontal
cortex synapses through complex biochemical
signaling pathways, particularly involving gluco-
corticoids and catecholamines [11]. Additional-
ly, chronic physiological stress exacerbates the
deposition of amyloid beta protein and compro-
mises the gastrointestinal barrier function,
leading to worsened organ complications such
as neurodegenerative diseases, gastrointesti-
nal dysfunction, and mental health disorders
[12, 13]. These outcomes significantly impact
overall health and quality of life.

Classification

Chronic stress can be categorized into four
types based on the triggering factors: psycho-
logical, physiological, social, and comprehen-
sive stress. Chronic psychological stress pri-
marily stems from long-term psychological
pressure, manifesting as anxiety, depression,
tension, and mental fatigue. Patients with can-
cer are particularly affected by psychological
stress. For example, patients with cancer expe-
rience sustained psychological pressure after
diagnosis, which can disrupt hormonal balance
and exacerbate cancer cell proliferation and
metastasis through hormone-mediated signal-
ing pathways [14]. Physiological chronic stress
is triggered by continuous physiological stimuli,
typically arising from chronic pain and organ
dysfunction associated with long-term diseas-
es [15]. Chronic social stress refers to the
sustained psychological and physiological ten-
sion resulting from prolonged exposure to
social relationships or environmental stress-
ors. Social stress can lead to excessive cortisol
secretion, which in turn causes metabolic
imbalances [10, 16]. Comprehensive chronic
stress refers to the combined effect of multiple
factors, such as psychological, physiological,
and social stressors, often experienced simul-
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taneously by patients with cancer, leading to
cumulative effects that accelerate the progres-
sion of the disease [10].

Reaction mechanism

The physiological mechanism underlying chron-
ic stress has become well-defined, primarily
reflecting the complex interaction between the
HPA axis and the SNS, along with the cascade
reactions they trigger. When an individual per-
ceives stress, neurons in the hypothalamus
rapidly release corticotropin-releasing factor
(CRF), which acts as a signal to activate the
anterior pituitary gland, stimulating its secre-
tion of adrenocorticotropic hormone (ACTH)
through the pituitary portal system [17]. ACTH
then serves as a key trigger, stimulating the
adrenal cortex to release glucocorticoids such
as cortisol. However, sustained elevation of
cortisol levels leads to failure of the HPA axis
negative feedback mechanism, resulting in a
gradual reduction in glucocorticoid receptors
(GR) sensitivity. This, in turn, weakens the cen-
tral negative feedback inhibition signal, creat-
ing a vicious cycle of “stress hormone elevation
feedback failure”. Prolonged persistence of this
cycle ultimately causes irreversible damage to
hippocampal neurons [18]. Meanwhile, cortisol
also weakens the body’s anti-inflammatory
response by inhibiting immune cell function
and promoting the release of pro-inflammatory
mediators such as interleukin-1p (IL-1B), inter-
leukin-6 (IL-6), and tumor necrosis factor alpha
(TNF-a) [10]. These inflammatory mediators
can cross the blood-brain barrier, activate cen-
tral inflammation, and initiate a positive feed-
back loop of “HPA axis-activated inflammatory
response” [18]. In summary, chronic stress
severely disrupts physiological rhythms by per-
sistently activating the HPA axis and SNS,
acting as a core driving mechanism behind vari-
ous pathological processes such as depres-
sion, neurodegenerative diseases, and immune
system disorders. This pathological network
involves a range of changes, including damage
to neural plasticity and immune system imbal-
ance, presenting a complex and severe health
challenge (Figure 1).

Tumor metastasis
Definition

Tumor metastasis is a complex and critical bio-
logical process in which tumor cells spread
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from their primary site to surrounding tissues
and distant organs. This process serves as
both a key indicator of tumor development and
progression and a significant factor influencing
patient prognosis and treatment strategies.
As early as 1889, the renowned pathologist
Stephen Paget proposed a forward-thinking
theory, suggesting that tumor metastasis
depends on the interaction between specific
types of cancer cells (referred to as “seeds”)
and the microenvironment of specific organs
(known as “soil”) [19]. This theory continues to
provide valuable insight into the understanding
of tumor metastasis. Current research indi-
cates that the metastatic potential of tumor
cells is not only linked to their inherent charac-
teristics but is also closely tied to the complex
interactions between stable environmental fac-
tors that promote tumor cell growth, survival,
angiogenesis, invasion, and metastasis [20].
Tumor cells first detach from the primary tumor
and subsequently invade vascular systems,
such as capillaries and lymphatic vessels. Once
within these blood vessels, the cells are able to
survive and gradually infiltrate secondary sites,
where they establish a microenvironment that
supports the necessary nutrients and blood
supply for their growth. This series of processes
not only highlights the adaptability of tumor
cells but also identifies potential therapeutic
targets for addressing tumor metastasis.

Transfer mechanism

Phenotypic changes promote metastasis

Epithelial-mesenchymal transition (EMT) is a
critical step in tumor metastasis, playing a
pivotal role in the metastatic process. In the
complex tumor microenvironment, transform-
ing growth factor beta (TGF-B) upregulates the
expression of key transcription factors, such
as Snail, Twist, and ZEB1, by activating the
Smad2/3 signaling pathway. This cascade of
molecular changes leads to significant altera-
tions in the expression of E-cadherin [21], ulti-
mately disrupting intercellular connections and
breaking the tight junctions between cells. Con-
currently, the expression levels of N-cadherin
and vimentin are significantly increased, which
not only enhances cell motility but also facili-
tates the effective detachment of tumor cells
from the primary tumor site [22], further
advancing metastasis (Figure 2, inside the
left box and pointing to the EMT process).
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Figure 1. Mechanism of the chronic stress response. Chronic stress activates the HPA axis and the SNS, resulting
in alterations in neuroendocrine and immune function, metabolic dysregulation, and disruption of physiological ho-
meostasis. The figure was created using Adobe lllustrator. Abbreviations: HPA axis, hypothalamic-pituitary-adrenal
axis; SNS, sympathetic nervous system; ACTH, adrenocorticotropic hormone; NLRP3, NOD-, LRR- and pyrin domain-
containing protein 3; IL-6, interleukin-6; TNFa, tumor necrosis factor alpha.

Additionally, tumor cells can secrete urokinase-
type plasminogen activator, which activates
plasminogen and, in conjunction with matrix
metalloproteinases, degrades the basement
membrane, enabling tumor cells to invade the
surrounding extracellular matrix [23] (Figure 2,
MMP9 related processes within tumor cells on
the right). Subsequently, tumor cells reactivate
their protein hydrolysis systems, penetrate the
vascular wall, regulate the microenvironment,
and recruit host cells, ultimately establishing a
neovascularization network. These processes
work in concert, culminating in the formation
of metastatic tumors [24] (Figure 2, Hypoxia,
reactive oxygen species [ROS], and gut micro-
biota metabolites (LPS, SCFAs, DCA) drive
the activation of HIF-1a, NF-kB, and Wnt/[3-

5061

catenin signaling pathways, thereby inducing
EMT, angiogenesis, and immune suppression.
Red arrows indicate tumor-promoting signals,
whereas blue blunt-ended lines denote inhibi-
tory signals. Distinct cell types are labeled with
different colors. As detailed in this section, the
TGF-B/Smad pathway is a central regulator of
EMT; notably, this process may also be activat-
ed by chronic stress-mediated signaling, as dis-
cussed in Sections 4.1 and 5.2.5.2.

Gut microbiota promotes tumor cell metastasis

The gut microbiota, a complex and diverse
microbial ecosystem, plays a crucial role in
tumor progression. Its various metabolites,
such as lipopolysaccharides (LPS), bile acids
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Figure 2. Mechanisms of tumor metastasis under chronic stress. Chronic stress promotes tumor metastasis by
inducing EMT, remodeling the tumor microenvironment, and altering the gut microbiota. In the tumor microenviron-
ment (TME), hypoxia and reactive oxygen species (ROS) induce stable expression of HIF-1a in tumor cells, which
subsequently transcribes and activates VEGF, stimulating endothelial cells to form new blood vessels (angiogen-
esis) while upregulating matrix-degrading enzymes such as LOX and MMP9, thereby remodeling the extracellular
matrix (ECM). Concurrently, cytokines such as TGF-B, IL-6, IL-10, secreted or acting in a paracrine manner, activate
the Smad2/3, STAT3, and NF-kB pathways. The TGF-B/Smad axis, on the one hand, drives epithelial-mesenchymal
transition (EMT) by inhibiting E-cadherin, inducing N-cadherin, Vimentin, and B-catenin nuclear translocation, en-
dowing tumor cells with enhanced migratory and invasive capabilities; on the other hand, it recruits and polarizes
tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs), which express high levels of
ROS, arginase-1 (ARG1), and IL-10, further inhibiting the killing function of T, NK, and B cells. Gut microbiota-derived
short-chain fatty acids (SCFAs) and deoxycholic acid (DCA) modulate immune balance by activating FXR and inhibit-
ing HDAC, respectively, while bacterial lipopolysaccharide (LPS) amplifies the NF-kB mediated inflammatory pathway
through TLR4 signaling. Additionally, lactic acid travels between tumor cells and immune cells via monocarboxylate
transporter-1 (MCT1), maintaining an acidic microenvironment and enhancing immune suppression. Therefore, the
three major signaling networks of hypoxia ROS HIF-1a-VEGF EMT, TGF-B/Smad-STAT3-NF-kB, and Wnt/B-catenin
are interwoven, jointly promoting tumor angiogenesis, matrix degradation, immune escape, and distant metastasis,
forming a complete ecosystem for malignant progression. The figure was created using Adobe lllustrator. Abbre-
viations: EMT, epithelial-mesenchymal transition; TGF-B, transforming growth factor beta; MCT1, monocarboxylate
transporter 1; HIF-1a, hypoxia-inducible factor-1 alpha; LOX, lysyl oxidase; VEGF, vascular endothelial growth fac-
tor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; ECM, extracellular matrix; ROS, reactive oxygen
species; ARG1, arginase 1; IL-10, interleukin 10; TAMs, tumor-associated macrophages; LPS, lipopolysaccharide;
TLR4, Toll-like receptor 4; NF-kB, nuclear factor kappa B; IL-6, interleukin 6; STAT3, signal transducer and activator
of transcription 3; HDAC, histone deacetylase; FXR, farnesoid X receptor; MMP9, matrix metallopeptidase 9; DCA,
deoxycholic acid.

(BA), and short-chain fatty acids (SCFAs), not and activate key signaling pathways, greatly
only significantly impact host health but also affecting the invasiveness and metastatic
reshape the tumor microenvironment (TME) potential of tumor cells. For instance, lipopoly-

5062 Am J Cancer Res 2025;15(12):5058-5083



Stress-driven metastatic reprogramming

saccharides (LPS) activate the NF-«kB signaling
pathway by binding to TLR4, which induces
immune cells to secrete cytokines that promote
metastasis (Figure 2, LPS related processes
within tumor cells on the right). This process
reduces the adhesion between tumor cells and
significantly enhances their migratory capacity
[25, 26]. Additionally, the secondary bile acid
deoxycholic acid (DCA) activates FXR receptors,
upregulates MMP9 and IL-8, and promotes
angiogenesis by degrading the basement mem-
brane, further facilitating tumor growth and
spread [27] (Figure 2, DCA related processes
within tumor cells on the right). Propionate, on
the other hand, activates the GPR43 recep-
tor, initiating the PI3K/AKT signaling pathway,
which enhances cell survival and migration
[28]. These complex interactions and signaling
mechanisms together constitute the intricate
relationship between the gut microbiota and
tumor cells, highlighting the potential role
and importance of the microbiota in tumor
development.

Microenvironmental changes promote tumor
metastasis

The tumor microenvironment (TME) is a com-
plex ecosystem that tumor cells rely on for sur-
vival and reproduction. It includes various criti-
cal components, such as immune cells, stromal
cells, extracellular matrix (ECM), and numerous
signaling molecules, all of which coordinate
and interact delicately to promote tumor metas-
tasis [29]. Stromal cells can effectively activate
EMT by secreting cytokines like interleukin-6
(IL-6) and transforming growth factor-f3 (TGF-B).
Additionally, stromal cells transmit pro-meta-
static proteins through exosomes, reshaping
the extracellular matrix structure. This remodel-
ing not only provides physical support and
channels for tumor cell invasion but also cre-
ates favorable conditions for metastasis [30].
During the dynamic process of metastasis, pro-
inflammatory neutrophils are gradually replaced
by immune-suppressive cells, particularly M2
macrophages. This polarization from M1 to
M2 macrophages provides a crucial biological
basis and pathway for tumor cells to evade
immune surveillance [31]. Moreover, chemo-
kines in the microenvironment exhibit dual
effects. Some chemokines recruit CD4+/CD8+
T cells and natural killer (NK) cells, exerting a
positive anti-metastatic effect, while others
recruit immune cells that promote tumor gro-
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wth, thereby facilitating tumor immune escape
[32, 33].

Evidence that chronic stress promotes tumor
metastasis

Chronic stress promotes tumor metastasis
through multiple interconnected biological
mechanisms organized within a “neuro-micro-
environment-microbiome” triadic network. The
following sections outline the key evidence,
beginning with neuroendocrine activation as
the primary initiator that triggers a cascade
leading to immune dysregulation within the
tumor microenvironment (Section 5.2) and dis-
ruption of the gut microbiota homeostasis
(Section 5.3). The relevant evidence is summa-
rized as follows:

Activation of the neuroendocrine system and
receptor signaling pathways

As detailed in Section 2.3, chronic stress
potently activates the HPA axis and the SNS,
resulting in the aberrant release of glucocorti-
coids and catecholamines (such as norepi-
nephrine and epinephrine). In the context of
cancer, these neuroendocrine factors activate
specific receptor-mediated signaling pathways
that profoundly influence tumor progression.
Catecholamines promote tumorigenesis pri-
marily by binding to and activating B-AR. This
interaction upregulates key pro-tumorigenic
factors such as VEGF and IL-6, thereby acceler-
ating angiogenesis and facilitating tumor cell
growth, EMT, and metastasis [34, 35]. The
molecular details of EMT, involving transcrip-
tion factors such as Snail, Twist, and E-cadherin
downstream of various triggers, are described
in Section 3.2.1. The IL-6/JAK/STAT3 signaling
axis, once activated, serves as a central hub
driving multiple pro-metastatic processes,
including inflammatory responses, metabolic
reprogramming, and immune suppression, as
discussed in subsequent sections (Sections
5.1.1.3 and 5.2.5.2). Similarly, VEGF is a key
mediator of stress-induced angiogenesis (see
Section 5.2.5.3). Furthermore, chronic stress
enhances cancer cell invasion and migration
through alternative neurotransmitter pathways,
such as the acetylcholine (ACh)/ab5-nicotinic
acetylcholine receptor (a5-nAChR)/FHIT axis
[36]. Given its pivotal role, targeting the B-AR
pathway has emerged as a promising therapeu-
tic strategy to mitigate stress-induced tumor
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metastasis. For instance, the natural com-
pound baicalin has been shown to reduce
chronic stress-induced tumor metastasis by
directly targeting 3-AR [37].

In summary, neuroendocrine activation forms
the cornerstone of the triadic network, directly
priming both tumor cells and the surrounding
microenvironment for metastasis and, as dis-
cussed later, indirectly perturbing the distal gut
ecosystem.

Immunosuppression and microenvironment
remodeling

Chronic stress reshapes the tumor microenvi-
ronment by affecting specific immune cell func-
tions, altering the release of inflammatory cyto-
kines, and generating ROS. Chronic stress
induces the formation of neutrophil extracellu-
lar traps (NETs), which inhibit T cell activity and
promote cancer lung metastasis [38]. It also
disrupts the polarization balance of tumor-
associated macrophages (TAMs), thereby pro-
moting the growth of hepatocellular carcinoma
[39]. Furthermore, chronic stress reshapes the
lymphatic vascular system and activates the
IL-6/STAT3 pathway, promoting EMT and tumor
cell proliferation, migration, and invasion [40,
41]. Activation of Kupffer macrophages and the
induction of ROS production further contribute
to the progression of hepatocellular carcinoma
[42, 43].

Metabolic reprogramming

Studies have shown that chronic stress can
reprogram fatty acid metabolism through the
CXCL3-mediated Wnt/B-catenin pathway, pro-
moting the proliferation and metastasis of
oral squamous cell carcinoma (OSCC) [44].
Additionally, under chronic stress conditions,
the arachidonic acid metabolite prostaglandin
E2 (PGE2) regulates stress responses, immune
functions, and inflammatory pathways [45].
Chronic stress also induces PGC1lca, which
interacts with specific transcription factors to
influence mitochondrial respiration, the ROS
defense system, and fatty acid metabolism,
promoting cancer cell survival and metastasis
in harsh microenvironments [46]. Moreover,
chronic stress upregulates peroxisome prolifer-
ator-activated receptor alpha (PPARX), regulat-
ing fatty acid oxidation and thereby promoting
cell survival.
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The metabolic rewiring described here func-
tionally links neuroendocrine signals to the
tumor microenvironment. Metabolites such as
lactate and fatty acids act as soluble mediators
that contribute to the acidification, bioenergetic
corruption, and immune suppression charac-
teristic within the stressed TME, thereby clos-
ing the loop between the “neuro” and “microen-
vironment” components of the network.

Three mechanisms by which chronic stress
promotes tumor metastasis

Direct effects of chronic stress on tumor cells

Chronic stress is a central mechanism that
reprograms tumor metabolism through activa-
tion of the SNS and its downstream signaling
cascades. The resulting release of catechol-
amines, such as norepinephrine, binds to and
activates B-AR on tumor cells. This interaction
triggers the intracellular cAMP/PKA signaling
pathway, a main regulatory axis that phosphor-
ylates multiple downstream targets to coordi-
nate diverse biological processes, as detailed
in the following sections.

Chronic stress affects the glucose metabolism
of tumor cells

Chronic stress directly promotes the molecular
mechanisms of tumor metastasis by altering
the glucose metabolism of tumor cells. This
section summarizes three key directions based
on cutting-edge research progress:

Chronic stress enhances glycolysis through
the HPA/SNS axis: Chronic stress significantly
increases the levels of aerobic glycolysis prod-
ucts and enzymes in tumor tissue. The B-AR/
cAMP/PKA axis, as a key mediator, promotes
glycolysis through multiple specific effectors
[47]. For instance, it upregulates GLUT1/GLUT3
(glucose transporters) and key glycolytic
enzymes such as hexokinase 2 (HK2), lactate
dehydrogenase A (LDHA), and phosphofructoki-
nase platelet type (PFKP) via the downstream
transcription factor CREB1, thereby promoting
glucose uptake and lactate production [48]
(Figure 3, B-AR/CREB1 pathway). Additionally,
stress-induced GLUT1 acts synergistically with
hypoxia-inducible factor HIF-1lax to further
enhance glycolysis and accelerate malignant
progression [49]. Furthermore, PKA directly
phosphorylates and activates PFKFB3, a criti-
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Figure 3. Chronic stress disrupts glucose and lipid metabolism in tumor cells. Chronic stress reprograms tumor
cell metabolism by enhancing glycolysis, promoting lipolysis, and altering energy pathways via neuroendocrine and
inflammatory signaling. Chronic stress, as a key driving factor for tumor progression, reprograms the energy metabo-
lism of tumor cells through a series of complex signaling and metabolic pathways. Firstly, chronic stress activates
the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous system (SNS), releasing adrenal cortex hor-
mones and catecholamines. These hormones activate protein kinase A (PKA) through B-adrenergic receptors (B-AR),
thereby promoting the phosphorylation of cCAMP response element-binding protein 1 (CREB1) and enhancing the
metabolic activity of tumor cells. Secondly, chronic stress enhances the glycolysis process of tumor cells, increasing
glucose uptake through glucose transporter 1 (GLUT1) and converting glucose to pyruvate through key glycolytic
enzymes such as phosphofructokinase (PFKP) and pyruvate kinase M2 (PKM2). Subsequently, lactate dehydroge-
nase (LDH) converts pyruvate to lactate, providing a rapid energy source for tumor cells. Meanwhile, chronic stress
promotes fat breakdown, activating hormone-sensitive lipase (HSL) and triglyceride lipase (ATGL) to break down
fat into free fatty acids (FFAs). These FFAs enter mitochondria through carnitine palmitoyltransferase 1A (CPT1A),
participate in B-oxidation, produce acetyl-CoA, and further enter the tricarboxylic acid cycle (TCA cycle) to generate
energy. Additionally, chronic stress activates the signal transduction and transcription activation factor 3 (STAT3)
and nuclear factor kappa B (NF-kB) signaling pathways through inflammatory factors such as IL.-6 and TNF, as well
as promotes phosphorylation of CREB1 through activation of B-AR and PKA, further affecting the metabolic gene
expression of tumor cells. Finally, chronic stress not only enhances the energy production of tumor cells, but also
promotes epithelial-mesenchymal transition (EMT) by activating hypoxia-inducible factor 1 alpha (HIF1 alpha) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), enabling tumor cells to acquire invasion and metastasis ca-
pabilities, while enhancing DNA damage resistance, enabling tumor cells to better adapt to the stress environment
and promote their survival and spread. The interaction between these signaling pathways and metabolic pathways
forms a complex network that collectively drives tumor progression. The figure was created using Adobe lllustrator.
Abbreviations: HPA axis, hypothalamic-pituitary-adrenal axis; ACTH, adrenocorticotropic hormone; IL-6, interleukin
6; TNFa, tumor necrosis factor alpha; IL-4, interleukin 4; STAT6, signal transducer and activator of transcription 6; IL-
1B, interleukin-1 beta; TAMs, tumor-associated macrophages; SREBP-1c, sterol regulatory element-binding protein
1c; FASN, fatty acid synthase; ACC, acetyl-CoA carboxylase; GLUT1, glucose transporter 1; HIF-1a, hypoxia-inducible
factor 1 alpha; PKB, protein kinase B; PIP3, phosphatidylinositol(3,4,5)-trisphosphate; PI3K, phosphoinositide 3-ki-
nase; IGF1, insulin-like growth factor 1; RAS, rat sarcoma virus oncogene; mTOR, mechanistic target of rapamycin;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate dehydrogenase; UDP-GIcNAc, uridine diphos-
phate N-acetylglucosamine; ATP, adenosine triphosphate; EMT, epithelial-mesenchymal transition; PKM2, pyruvate
kinase M2; PFKP, phosphofructokinase; HK2, hexokinase 2; M1/M2, macrophage polarization states; STAT3, signal
transducer and activator of transcription 3; NF-«kB, nuclear factor kappa B; AMPK, AMP-activated protein kinase;
FAO, fatty acid B-oxidation; CPT1A, carnitine palmitoyltransferase 1A; B-AR, beta-adrenergic receptor; CREB1, cAMP
responsive element-binding protein 1; CAMP, cyclic adenosine monophosphate; ATGL, adipose triglyceride lipase;
HSL, hormone-sensitive lipase; FFAs, free fatty acids; PPAR«, peroxisome proliferator-activated receptor alpha; GLS,
glutaminase; GPT2, glutamate pyruvate transaminase 2.
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cal rate-limiting enzyme, providing another
route to accelerate the glycolytic flux [50, 51].

N-glycosylation abnormality and activation of
pentose phosphate pathway: Chronic stress-
induced metabolic stress, such as a decrease
in the glycolytic intermediate uridine diphos-
phate N-acetylglucosamine (UDP-GIcNAc), in-
terferes with N-glycosylation [52]. Abnormal
glycosylation can alter the conformation of cell
surface receptors (such as integrins), enhanc-
ing the interaction between tumor cells and
the extracellular matrix, promoting invasion,
and facilitating long-distance colonization [53]
(Figure 3, integrin pathway beneath the nucle-
us). Additionally, chronic stress stimulates the
diversion of glycolysis toward the pentose
phosphate pathway, a metabolic shift that pro-
duces NADPH and nucleotides to mitigate
stress-induced DNA damage and functional
impairment [54].

Synergistic effect of metabolic intermediates
on immune factors: Chronic stress modula-
tes the expression of transfer-related genes
through metabolic intermediates in glucose
metabolism. For example, lactate inhibits his-
tone deacetylases (HDACs), and the absence of
HDAC activity induces EMT, thereby promoting
metastasis [55, 56] (Figure 3, HDACs pathway).
Lactate is pumped out by MCT4, leading to
microenvironmental acidification, inhibition of
T cell function, and recruitment M2 macro-
phages [57]. Moreover, the neuroendocrine-
activated IL-6/STAT3 signaling pathway (as
introduced in Section 4.1) upregulates PKM2,
thereby promoting glycolysis and inhibiting
the tricarboxylic acid (TCA) [58, 59] (Figure 3,
STAT3/TCA pathway). This illustrates a specific
mechanism by which the IL-6/STAT3 axis direct-
ly reprograms glucose metabolism in tumor
cells.

Chronic stress affects lipid metabolism in
tumor cells

Chronic stress affects the lipid metabolism
of tumor cells through the neuroendocrine-
immune regulatory system, promoting the
imbalance of fatty acid synthesis, storage, and
oxidation, thereby accelerating tumor growth
and metastasis (Figure 3, ACTH/PPAR « path-
way on the right). The following are the key
mechanisms.
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HPA and SNS system activation promote fat
breakdown: Activated by chronic stress, the
B-AR/cAMP/PKA pathway plays a direct role in
lipid mobilization. It phosphorylates key lipases
such as adipose triglyceride lipase (ATGL) and
hormone-sensitive lipase (HSL), leading to the
breakdown of lipid droplets and the release of
free fatty acids (FFAs) [60, 61] (Figure 3, B-AR/
CAMP pathway). These FFAs serve as an energy
source and as building blocks for membrane
synthesis in tumor cells. Concurrently, cortisol
and NE promote the entry of fatty acids into
mitochondria for oxidation by activating CPT1A
through the PPARa/d pathway, releasing ATP to
support tumor proliferation [62, 63] (Figure 3,
ACTH/CPT1A pathway).

Cortisol induces fatty acid synthesis: Chronic
stress increases cortisol levels, which activate
GR in tumor cells [64]. GR binds to SREBP-1c,
upregulating the expression of fatty acid syn-
thase (FASN), ACC,SCD1, thereby enhancing
de novo lipogenesis (DNL) [65] (On the right
side of Figure 3, Lipid regeneration pathway).
Additionally, GR induces insulin resistance
through IRS-1, forming a “cortisol-insulin resis-
tance-lipotoxicity” cycle [66].

Immunoinflammatory co-regulation of lipid
metabolism: Chronic stress-induced inflamma-
tory factors (IL-6, TNF-a) enhance the expres-
sion of FASN through the STAT3 pathway, while
inhibiting AMPK (a negative regulator of fatty
acid oxidation) [67, 68] (Figure 3, STAT3/FAO
pathway). TAMs, under stress, secrete IL-4/
IL-13, activating the STAT6 pathway and pro-
moting lipid uptake and storage in tumor cells
[69, 70] (Above Figure 3, chronic stress/Lipid
uptake and storage pathways).

Chronic stress alters the tumor microenviron-
ment

The tumor microenvironment (TME) functions
as the central processing unit of the triadic net-
work, where signals from the nervous system
and the gut microbiota converge to determine
metastatic outcomes. The effects of chronic
stress on the TME involves multiple levels: they
are directly driven by neuroendocrine signals
(Section 4.1) and are profoundly modulated by
metabolites derived from both stressed tumor
cells (Section 5.1) and the dysbiotic gut micro-
biota (Section 5.3).
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T lymphocyte failure

Chronic stress disrupts adaptive immunity by
altering T lymphocyte distribution and function.
It increases CD11b+ Ly6C+ monocytes and
decreases double-negative (CD4°CD87) and
double-positive (CD4+ CD8+) T cells, resulting
in an imbalance of T lymphocyte subsets [71,
72]. Furthermore, itimpairs T lymphocyte matu-
ration and weakens their antigen-presenting
ability [71]. Critically, the B-AR/cAMP signaling
axis enhances the expression of the immune
checkpoint protein PD-1 on T cells, thereby acti-
vating an immunosuppressive pathway and
facilitating tumor immune escape [73, 74]. In
conclusion, chronic stress reshapes the tumor
microenvironment by altering T cell subsets,
impairing immune cell function, and upregulat-
ing PD-1, collectively promoting immunosup-
pression and tumor progression.

Inactivation of NK cells

Studies have shown that chronic stress results
in the continuous elevation of glucocorticoid
levels through the abnormal activation of the
HPA axis, inhibiting the secretion of IL-2, IL-12,
and IFN-y, and reducing the number of periph-
eral NK cells [75, 76]. Chronic stress also inhib-
its NK cell migration, cytotoxicity, and cytokine
secretion by over-activating the SNS [77]. The
synergy of these factors results in defects in
the number and function of NK cells in the
tumor microenvironment, increasing the risk of
tumor metastasis.

Macrophage M2 polarization

Chronic stress can influence macrophage func-
tion in the tumor microenvironment by remodel-
ing neuroendocrine and immunosuppressive
signaling. Studies have shown that cortisol
induces macrophages to express IL-10, promot-
ing M2 polarization [78]. Additionally, 3-AR acti-
vation induces macrophage polarization to the
immunosuppressive M2 phenotype, and chron-
ic stress enhances the infiltration of CD68+
TAMs [79, 80]. These findings confirm that
the tumor-promoting effect of chronic stress
depends on neuroendocrine-driven phenotypic
transformation of macrophages.

Formation of neutrophil NETs

Under chronic stress, neutrophils reshape the
tumor microenvironment by regulating the for-
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mation of NETs, thereby promoting tumor
metastasis. Evidence shows that NETs can
directly stimulate tumor cell migration and acti-
vate dormant cancer cells [81]. In addition,
Within the TME, NETs release ROS that damage
mitochondrial function and secrete proteases
that degrade the ECM, easing cancer cell inva-
sion [82] (Figure 4, NETs/ECM pathway). Con-
firmed the dual role of NETs in stress-induced
metastasis progression.

Changes in microenvironment components

The changes in the tumor microenvironment
are primarily reflected in the damage to the
extracellular matrix (ECM) caused by chronic
stress, alterations in the types and quantities
of cytokines, and enhanced angiogenesis.

ECM damage: Chronic stress regulates the deg-
radation of the extracellular matrix by activat-
ing the HPA axis and SNS, leading to the release
of stress hormones. For example, norepineph-
rine and epinephrine upregulate matrix metal-
loproteinases (MMP-2/9) and urokinase plas-
minogen activator (uPA) through the B-AR
signaling pathway, promoting ECM degradation
and forming pathways for tumor invasion [83]
(Figure 4, LPS/UPA pathway). Chronic stress
also regulates changes in ECM rigidity, promot-
ing the deposition and cross-linking of type I/l
collagen via TGF-B and IL-6, which forms bridg-
es in the basement membrane and facilitates
cancer cell invasion [84].

Cytokine secretion: Chronic stress alters cyto-
kine secretion and function within the tumor
microenvironment through neuroendocrine
and immune regulation. For example, activa-
tion of the HPA axis and SNS leads to the
release of glucocorticoids and catecholamines,
which in turn reduce IFN-y secretion, thereby
inhibiting the anti-tumor immune response [85,
86]. Additionally, this activation upregulates
the expression of transforming growth factor-p
receptor type Il (TGF-B receptor type Il) in ovar-
ian cancer cells [87]. This enhanced receptor
signaling can activate the canonical EMT path-
way (as detailed in Section 3.2.1), thereby pro-
moting metastasis.

As a core inflammatory pathway, the IL-6/STAT3
axis is potently activated by chronic stress
(Section 4.1) and functions as a master regula-
tor of immunosuppression. It enhances PD-1
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Figure 4. Chronic stress alters the TME and intestinal microbiota. Chronic stress modifies key components of the
TME - including immune cells, extracellular matrix, cytokine networks, and angiogenic signaling - while impairing
intestinal barrier integrity and microbial composition. These changes facilitate tumor dissemination and immune
suppression. Chronic stress leads to an imbalance in the gut microbiota, with a decrease in beneficial bacteria
and an increase in harmful bacteria. This dysbiosis impairs intestinal barrier function, leading to intestinal leak-
age. Consequently, bacterial components such as lipopolysaccharides (LPS) enter the bloodstream and activate
immune cells, primarily through Toll-like receptor 4 (TLR4), which triggers the NF-kB and STAT3 signaling pathways.
This activation promotes the expression of inflammatory factors, including IL-6, IL-13, TNFa, and COX2, which further
promote tumor cell proliferation and survival. These inflammatory factors promote tumor angiogenesis and invasion
by stimulating endothelial cells (ECs) to express VEGF and PDGF-AA, forming new blood vessels, while concurrently
activating cancer-associated fibroblasts (CAFs) to secrete matrix metalloproteinases (MMPs) and urokinase-type
plasminogen activator (uPA), which degrade extracellular matrix (ECM) and promotes tumor cell invasion and me-
tastasis. In addition, chronic stress creates an immunosuppressive environment in the TME by increasing the accu-
mulation of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), which secrete IL-10 and trans-
forming growth factor beta (TGF-B) to inhibit the activity of effector T cells and natural killer cells (NK cells), thereby
suppressing anti-tumor immune responses. Simultaneously, dendritic cells (DCs) within the TME are functionally
impaired and cannot effectively present tumor antigens, further weakening the immune response. The figure was
created using Adobe lllustrator. Abbreviations: IL-6, interleukin 6; TNF«, tumor necrosis factor alpha; IL-2, interleukin
2; IL-10, interleukin 10; IL-1 beta, interleukin-13; TAMs, tumor-associated macrophages; HIF-1a, hypoxia-inducible
factor 1 alpha; STAT3, signal transducer and activator of transcription 3; NF-kB, nuclear factor kappa B; LPS, lipo-
polysaccharide; TLR4, Toll-like receptor 4; MMP2/9, matrix metalloproteinase 2/9; uPA, urokinase-type plasmino-
gen activator; MAPK, mitogen-activated protein kinase; COX2, cyclooxygenase 2; VEGF, vascular endothelial growth
factor; VEGFR, vascular endothelial growth factor receptor; PDGF-AA, platelet-derived growth factor AA; ZO-1, zonula
occludens-1; MDSC, myeloid-derived suppressor cells; NETs, neutrophil extracellular traps; LOX, lysyl oxidase; ECM,
extracellular matrix; CAFs, cancer-associated fibroblasts; TGF-B, transforming growth factor beta; CTLA4, cytotoxic
T-lymphocyte-associated protein 4.

expression on T cells and promotes M2 macro- through neuropeptide Y (NPY), synergistically
phage polarization [73]. Furthermore, B-AR increasing IL-6 levels, thereby aggravating the
activation facilitates the recruitment of TAMs inflammatory response and contributing to
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immunosuppression [88]. The IL-6/STAT3 axis
exemplifies the convergence within the net-
work: it is activated by neural signals (catechol-
amines), amplified by immune cells (TAMs), and
can itself be sustained by inflammatory signals
originating from the gut, thus integrating inputs
from all three network components.

Angiogenesis: Activation of B-AR by catechol-
amines is a primary mechanism through which
chronic stress directly drives the expression
of angiogenic factors, most notably VEGF [34,
89]. B-AR signaling also upregulates the ex-
pression of matrix metalloproteinases MMP-2
and MMP-9, platelet-derived growth factor AA
(PDGF-AA), epithelial neutrophil-activating pep-
tide 78 (ENA-78), and angiopoietin. These fac-
tors promote angiogenesis and extracellular
matrix degradation, thereby creating a microen-
vironment conducive to metastasis [89, 90]
(Figure 4, VEGF/UPA pathway).

Furthermore, chronic stress enhances VEGF
signaling sensitivity and efficacy through the
VEGF receptor (VEGFR2). Activation of the
plexinAl/VEGFR2-Janus Kinase 2 (JAK2)-Sig-
nal Transducer and Activator of Transcription 3
(STAT3) signaling pathway amplifies cellular
responses to VEGF, thereby promoting angio-
genesis [91, 92] (Figure 4, STAT3/UPA path-
way). This demonstrates a convergence where
the pro-angiogenic VEGF signal is potentiated
by the JAK2/STAT3 module, which is also cen-
tral to inflammation and immune regulation.
However, chronic stress-induced overproduc-
tion of these factors can disrupt vascular net-
work formation and induce metabolic disorders
in the tumor microenvironment, such as acido-
sis and hypoxia. These conditions further pro-
mote tumor metastasis [93, 94].

Chronic stress changes intestinal flora

The gut microbiota functions as a systemic
modulator and amplifier of the triadic network.
Chronic stress disrupts the intestinal barrier
function and causes microbial imbalance [95,
96]. Initially driven by neuroendocrine signal-
ing, this dysbiosis subsequently feeds back
into the network by releasing pro-metastatic
metabolites and propagating systemic inflam-
mation that reshapes the distal TME. Below, we
summarize the three core mechanisms (Figure
4).
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Destroy the intestinal barrier and promote
tumor cells to enter the circulatory system

Chronic stress leads to the loss of tight junction
proteins and damage to the microvilli structure,
impairing the intestinal mucosal barrier [97]. In
addition, the imbalance of intestinal flora allows
lipopolysaccharide (LPS) to enter the blood-
stream, activating the TLR4/NF-y B inflamma-
tory pathway. This results in the upregulation of
MMP-2/9 and IL-8, d which degrade the base-
ment membrane and facilitate tumor cells’
entry into the circulatory system [98-100].
Moreover, the reduction of beneficial bacteria
caused by microbial imbalance weakens the
production of anti-inflammatory factors and
diminishes mucosal repair capacity [101]. The
destruction of physical and immune barriers
significantly promotes tumor cells’ entry into
the circulatory system, establishing a patho-
logical foundation for metastasis.

Metabolic product changes enhance tumor
metastasis

Chronic stress can disrupt the balance of
metabolic products in the gut microbiota,
promoting cancer progression through EMT
and angiogenesis [102]. For instance, chronic
stress exacerbates neuroimmune inflamma-
tion, weakens intestinal mucosal immune func-
tion, and increases the abundance of micro-
bial metabolites, such as gRuminococcace-
UCG_014, which accelerates tumor metasta-
sis [103]. Metabolites from specific bacterial
strains have bidirectional regulatory effects.
For example, enterotoxins produced by entero-
toxigenic Escherichia coli (ETEC) downregulate
VEGF/VCAM-1 through the cGMP signaling
pathway, inhibiting metastasis, while quorum-
sensing peptides produced by Bacillus subtilis,
Streptococcus, and Escherichia coli promote
angiogenesis and cancer cell invasion [103,
104].

Regulating microbiota immune disorders to
pbromote metastasis

Chronic stress can activate pro-inflammatory
pathways such as NF-kB and MAPK, disrupt the
intestinal mucosal barrier, allow pathogens and
toxins to enter the systemic circulation, and dis-
turb the balance of gut microbiota [105].
Furthermore, the expansion of pro-inflammato-
ry microbiota activates immune inflammation.
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For example, an increase in the abundance of
Proteobacteria leads to the overexpression of
pro-inflammatory factors such as IL-13, TNF-c,
and COX-2 [106]. Additionally, an increase in
inflammation-associated bacteria, such as
Lactobacillus, Streptococcus, and Enteroco-
ccus, promotes colitis and a pro-tumorigenic
state by activating the IL-6/STAT3 pathway
[107]. This chronic, microbiota-driven activa-
tion of IL-6/STAT3 signaling in the host con-
tributes to the systemic inflammatory and
immunosuppressive microenvironment that
favors tumor metastasis.

In summary, a self-reinforcing vicious cycle may
be established in which the nervous system
induces dysbiosis of the gut microbiota, leading
to systemic inflammation and an immunosup-
pressive TME. This, in turn, exacerbates tumor
progression and generates additional systemic
pressure, and this cycle summarizes the
dynamic and pathological properties of the ter-
nary network.

The potential of targeting gut microbiota in
cancer treatment

Given the gut microbiota’s role as a central
node in the triadic network, its targeted modu-
lation represents a promising therapeutic strat-
egy to disrupt the pro-metastatic cascade.
Many studies have investigated the mecha-
nisms and treatment strategies for microbiota-
targeted interventions in cancer therapy. For
example, in immune regulation, the gut micro-
biota enhances the activity of NKT cells through
microbiota-mediated bile acid metabolism,
thereby inhibiting cancer development [108];
SCFAs enhance the cytotoxic function of CD8+
T cells and the metabolic adaptability of CAR-T
cells, improving tumor Killing ability [109, 110].
Akermansia muciniphila and Microcysteinella
have restored the anti-cancer effects of PD-1
blockade by amplifying T cell activity [111,
112]. In terms of barrier repair, probiotics pro-
vide energy to intestinal stem cells through gly-
colysis, alleviating the impact of chronic stress
on internal balance, reducing intestinal inflam-
mation, and enhancing intestinal barrier func-
tion [113].

Reports have also outlined tumor treatment
strategies targeting the gut microbiota, such as
combining gut microbiota with molecular tar-
geted drugs to overcome the permeability and
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immune suppression barriers at cancer sites,
which are challenges in traditional chemothera-
py [114]. Additionally, modifying intestinal bac-
teria through gene editing to express specific
proteins can create a targeted delivery system
to regulate the composition, function, and
metabolites of the local microbiota [115, 116].

Strategies to mitigate the impact of chronic
stress on tumor metastasis

Physical and mental intervention measures

Physical and mental interventions can alleviate
chronic stress and its associated health risks
by regulating neuroendocrine function, immune
function, and behavioral patterns. The main
methods include psychological interventions,
physical and mental relaxation training, social
support, and traditional Chinese medicine
(TCM) interventions [117, 118]. Research has
shown that psychological intervention can
inhibit metastatic non-small cell lung cancer
induced by chronic stress through the B-AR
activated cAMP signaling pathway [119]. Cog-
nitive-behavioral stress management (CBSM)
can alleviate psychological stress in patients
with cancer, reverse the expression of anxiety-
related pro-inflammatory genes, and reduce
chronic stress levels [120, 121].

Physical and mental relaxation techniques are
mainly regulated through yoga, music therapy,
and mindfulness training. Yoga combines pos-
tures with breathing exercises to relieve stress
and chronic inflammation [122, 123]. Music
therapy improves mental health and alleviates
psychological disorders such as anxiety and
depression by engaging patients in music lis-
tening or activities [124]. Mindfulness training
helps patients focus on their present experi-
ences, reduce rumination, alleviate cancer-
related pain and fatigue, and enhance their
ability to cope with stress [125]. Social support
reduces loneliness, depression, and anxiety in
patients through participation in collective
activities. It also improves immune function
and lowers both all-cause and cancer-related
mortality rates [126, 127]. In addition, acu-
puncture and moxibustion in TCM physical and
mental interventions can treat depression and
alleviate cancer-related pain, fatigue, and sleep
disorders [128, 129]. Tai Chi practice has been
shown to improve fatigue and soothe emotions
[130].
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Pharmacological intervention measures

Intervention targeting the SNS axis

Propranolol, a non-selective B-AR antagonist,
inhibits the binding of NE released by the SNS
to B 2-adrenergic receptors (ADRB2) on tumor
cells, thereby suppressing tumor proliferation
and metastasis [131, 132]. Carvedilol can
inhibit NE-mediated angiogenesis and reshape
the immunosuppressive tumor microenviron-
ment [133]. Other adjuvant drugs, such as glu-
tamate, can regulate both sympathetic and
parasympathetic nerve activity, improve chron-
ic stress-induced neuroendocrine disorders,
and thus reduce the risk of tumor metastasis
[134].

Intervention targeting the HPA axis

Propranolol and metoprolol can block the inter-
action between catecholamines and [-ARs,
reversing NE-induced epithelial adhesion and
inhibiting tumor proliferation and metastasis
[131, 135]. B-AR blockade also enhances gly-
colysis and oxidative phosphorylation in tumor-
infiltrating lymphocytes, increasing the expres-
sion of CD28 and boosting their anti-tumor
function [136]. Additionally, propranolol inhibits
B-AR activated VEGF and MMP-2/9 activation,
blocking tumor angiogenesis and invasion
[137]. Etifoxine can prevent excessive activa-
tion of the HPA axis induced by chronic stress
[138].

Interventions targeting signaling pathways

Olanzapine can reverse anxiety-like behavior
and lung cancer stemness induced by chronic
stress by reducing NE synthesis and release,
blocking the ADRB2-cAMP-PKA-CREB signaling
pathway, and inhibiting neuronal activity in the
medial prefrontal cortex (mPFC) under chronic
stress [139]. Jiaotai Pill (JTW) exerts hypoglyce-
mic and antidepressant effects by activating
the cAMP/PKA/CREB signaling pathway [140].
Huangqi total flavonoids (TFA), resveratrol
(RES), and amisulpride can alleviate chronic
stress-induced depression through the Wnt/B-
catenin pathway [141, 142]. Additionally, bai-
calin promotes hippocampal neurogenesis by
regulating the Wnt/B-catenin signaling path-
way, thereby exerting antidepressant effects
[143].

5071

Interventions targeting tumor metabolism

Xiaoyao San has been shown to improve abnor-
malities in amino acid metabolism, energy
metabolism, and glucose metabolism in a rat
model induced by chronic stress [144]. Oral
administration of genipin significantly altered
energy and glucose metabolism in the chronic
stress treatment group [145]. Gynostemma
pentaphyllum saponins (Gyp) inhibit the prolif-
eration and migration of gastric cancer by
reducing glucose uptake and utilization in can-
cer cells [146]. Additionally, Chaihu Shugan San
can improve lipid metabolism changes and
reduce prostate cancer metastasis caused by
chronic stress [147].

Traditional Chinese Medicine intervention

Benzodiazepines are first-line drugs in the
treatment of chronic stress-related diseases.
However, long-term use of these drugs can lead
to drug dependence, memory, and cognitive
impairment, which limits their clinical applica-
tion [148]. In contrast, TCM treatments offer
the advantages of fewer side effects and a
higher degree of individualization, making them
highly valuable for clinical research. For exam-
ple, JYHH capsules can counteract anxiety-like
behavior induced by chronic stress by regulat-
ing monoamine neurotransmitters and the
CAMP signaling pathway [149]. Gastrodin (GAS)
activates the cAMP/PKA/CREB signaling path-
way in hippocampal neurons, reducing stress-
induced synaptic plasticity damage and be-
havioral dysfunction [150]. Xingpu lJiyu Tang
improves depression and learning and memory
disorders through the cAMP/PKA/CREB-BDNF
signaling pathway [151]. Centella asiatica gly-
coside exerts antidepressant and anti-inflam-
matory effects in a chronic stress-induced
mouse model by regulating the cAMP/PKA sig-
naling pathway [152].

Discussion

Chronic stress, a complex and dynamic system-
ic pathophysiological state, promotes tumor
metastasis through mechanisms distinct from
traditional gene mutations or environmental
carcinogenic factors. Unlike traditional factors
that directly damage DNA or induce gene muta-
tions to drive tumor development, chronic
stress disrupts the delicate balance between
neuroendocrine, immune, metabolic,and micro-
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biome systems. It continuously reshapes the
body’s homeostasis, creating a complex signal-
ing regulatory environment that includes neuro-
endocrine signals (such as B-adrenergic recep-
tors and GRs), metabolic signals (such as the
reprogramming of glucose and lipid metabo-
lism), and microbiome signhals (such as the
interaction between the microbiome and the
immune system). This ultimately allows tumor
cells to break through the metastasis defense
mechanisms, forming a more intricate meta-
static process. In contrast to the irreversibility
of genetic factors, chronic stress displays a
degree of reversibility and intervention poten-
tial, and its pro-metastatic effects can even be
partially reversed through psychological inter-
vention or pharmacological treatment. Further-
more, chronic stress can directly impact tumor
cells, the tumor microenvironment, and the gut
microbiota through various inter-organ signal-
ing networks, such as the brain-gut axis and
sympathetic nervous system-immune axis. This
results in a multi-target synergistic effect,
deepening its role in promoting tumor meta-
stasis.

The synergistic effect of nerves and microenvi-
ronment

The B-AR/cAMP/PKA signaling pathway, which
becomes activated as a consequence of chron-
ic stress, has the significant ability to directly
upregulate the EMT in tumor cells, thereby
promoting their invasive characteristics and
impairing the functionality of immune cells that
are crucial for the body’s defense mechanisms.
Furthermore, the stress-induced enhancement
of glycolysis results in an increased accumula-
tion of lactate within the tumor microenviron-
ment, which in turn leads to a detrimental acidi-
fication of that environment. This acidic shift
not only creates a hostile setting for immune
cell activity but also activates matrix metallo-
proteinases (MMPs), enzymes that play a criti-
cal role in the breakdown of the ECM, thereby
accelerating its degradation and facilitating
tumor progression and metastasis. Accumu-
lated lactate can also inhibit the function of
CD8+ T cells. The evidence above links neural
dysfunction to microenvironmental metabolic
changes.

The interaction between the immune microen-
vironment and dysbiosis of microbiota

Chronic stress significantly disrupts the deli-
cate intestinal barrier by inhibiting the expres-

5072

sion of crucial tight junction proteins within the
intestinal epithelium, which are essential for
maintaining the integrity of this barrier. This dis-
ruption creates a pathway for microbial metab-
olites to enter the bloodstream, subsequently
activating the NF-kB pathway, which leads to
the release of various inflammatory factors.
This cascade of events exacerbates immune
suppression within the microenvironment, cre-
ating a vicious cycle of inflammation and
immune dysfunction. Furthermore, the reduc-
tion of beneficial bacteria, a consequence of
dysbiosis, can severely inhibit the function of
regulatory T cells, which play a vital role in
maintaining immune balance and tolerance.
The compelling evidence presented above
clearly links the dysfunction of the immune
microenvironment to the dysbiosis of the micro-
biota, highlighting the intricate relationship
between stress, gut health, and immune regu-
lation.

Triadic interaction of neuro microenvironment
microbiota

Activation of the neuroendocrine system can
suppress immune function within the microen-
vironment and affect the balance of intestinal
microbiota metabolites, while these metabo-
lites, in turn, can stimulate neuroendocrine
activity. Dysbiosis of the intestinal microbiota
can exacerbate immune suppression in the
microenvironment, and inflammatory factors
within this environment can feedback to
enhance metabolic abnormalities in tumor
cells. Ultimately, this forms a positive feedback
loop of neuroendocrine activation, microbiota
imbalance, immune suppression, metabolic
reprogramming, and inflammatory cascades,
continuously driving the metastatic cascade
reaction.

Current research has not fully elucidated the
unique biological mechanisms through which
chronic stress acts as an independent risk
factor, nor clearly defined its interaction with
traditional genetic and environmental contribu-
tors. Moreover, most existing studies focus on
a single mechanism, such as stress-induced
activation of tumor cell signaling pathways or
microbiota dysbiosis, without systematically
integrating the cross-organ, synergistic effects
of the “neural microenvironment microbiota”
axis. The absence of a unified theoretical
framework for the “brain-gut-tumor” axis has
resulted in fragmented mechanistic analyses.
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For example, how chronic stress simultaneous-
ly regulates tumor cell metabolic reprogram-
ming, microenvironment immune suppression,
and gut microbiota dysbiosis through the HPA
axis, and the key crossover nodes involved
in this molecular network, remains unclear.
Furthermore, no consensus exists regarding
the efficacy of existing microbiota intervention
strategies in reversing stress-related metasta-
sis, and the potential impact of host microbiota
co-evolution on treatment response has yet
to be considered. As chronic stress-induced
metastasis is a complex network process
involving multiple mechanisms, single-target
interventions are unlikely to provide compre-
hensive therapeutic benefit.

Future research should therefore focus on
developing multi-target, combined intervention
strategies. We hypothesize that a comprehen-
sive approach combining “psychological inter-
vention, pharmacological blockade, and micro-
biota regulation” would be more effective than
single-factor interventions. Specifically, we pro-
pose using chronic variable stress (CVS)-
induced tumor bearing animal models to inves-
tigate the synergistic effects of these combined
interventions.

For pharmacological blockade, we suggest tar-
geting key signaling pathways such as the HPA
axis and the PI3K/Akt/STAT3 signaling, which
are critically involved in tumor progression. For
microbiota regulation, fecal microbiota trans-
plantation (FMT) experiments should be con-
ducted in these animal models to explore the
potential of restoring a healthy microbiota com-
position to inhibit stress-related metastasis.

It is crucial to move beyond single mechanism
perspectives and conduct multi-omics analy-
ses, including genomics, transcriptomics, pro-
teomics, and metabolomics, to capture the
complex interplay underlying tumor metastasis.
Future research should focus on further explor-
ing the key interaction nodes of the “gut/brain/
tumor” axis. Multi-omics approaches can be
utilized to analyze the interactions between
various pathways and identify key metabolites
and signaling molecules involved in tumor pro-
gression. We further hypothesize that certain
metabolites produced by the gut microbiota,
such as SCFAs, may exert significant effects
on the tumor microenvironment and immune
responses. We propose conducting targeted
metabolomics studies to identify these key
metabolites and delineate their downstream
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signaling cascades. Combining bioinformatics
methods to process large datasets will help
identify these key interaction nodes. Moreover,
the development of dynamic multi-omics moni-
toring techniques, paired with advanced detec-
tion technologies such as mass spectrometry
and sequencing, will allow for regular testing
on patient samples. This would facilitate the
establishment of a comprehensive database to
analyze and manage dynamically monitored
data, offering real-time insights into molecular
changes during the process of chronic stress
promoting metastasis.

Finally, the development of personalized inter-
vention strategies for patients experiencing
chronic stress is essential. Given the heteroge-
neity in stress levels and physiological con-
ditions among individuals, treatment plans
should be tailored to optimize therapeutic pre-
cision and efficacy. We propose developing a
personalized intervention algorithm based on
patients’ genetic profiles, metabolic conditions,
psychological states, and other relevant fac-
tors. This algorithm could recommend specific
combinations of psychological interventions
(e.g., cognitive-behavioral therapy), pharmaco-
logical treatments (e.g., Traditional Chinese
patent medicines and simple preparations
therapy), and microbiota-based therapies (e.g.,
probiotics or personalized FMT). By evaluating
these factors comprehensively, individualized
interventions can be developed to provide more
comprehensive and targeted care for patients
with stress-related cancer progression.

Conclusion

This study systematically delineates how chron-
ic stress promotes tumor metastasis via three
interconnected mechanisms: directly enhanc-
ing tumor cell aggressiveness, remodeling the
tumor microenvironment, and perturbing gut
microbiota homeostasis. We further integrate
these processes into a unified ternary network
model, highlighting the synergistic interplay
among neuroendocrine signaling, immune
microenvironment remodeling, and microbial
metabolism. Our findings illustrate that chronic
stress orchestrates metastasis through sus-
tained cascades involving endocrine dysregula-
tion, microbial imbalance, metabolic adapta-
tion, and immune-inflammatory activation, as
summarized in Figure 5. Importantly, unlike
genetic alterations, the pro-metastatic effects
of chronic stress exhibit reversibility, revealing
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unique potential for intervention through phar-
macological or behavioral strategies.
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Glossary

Acetyl-CoA carboxylase (ACC), An enzyme
involved in fatty acid biosynthesis, converting
acetyl-CoA to malonyl-CoA; Acetylcholine (ACh),
A neurotransmitter that modulates parasympa-
thetic nervous system functions and may influ-
ence tumor progression; Adrenocorticotropic
hormone (ACTH), A pituitary hormone that stim-
ulates cortisol release from the adrenal cortex
in response to stress; AMP-activated protein
kinase (AMPK), A cellular energy sensor that
regulates metabolism and inhibits tumor-pro-
moting processes under stress; Arginase 1
(ARG1), An enzyme expressed by immune cells
that can suppress T cell responses and pro-
mote tumor immune evasion; Adipose triglycer-
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ide lipase (ATGL), An enzyme initiating lipid
droplet breakdown, contributing to free fatty
acid release in cancer metabolism; Bile acids
(BAs), Steroid acids derived from cholesterol
that can regulate gut microbiota and influence
tumor-promoting inflammation; Beta-adrener-
gic receptor (B-AR), A stress-responsive recep-
tor that mediates sympathetic nervous system
effects and facilitates tumor metastasis; Brain-
derived neurotrophic factor (BDNF), A neuro-
trophin that supports neuronal survival and
may be involved in stress-related cancer sig-
naling; Cancer-associated fibroblasts (CAFs),
Stromal cells within the tumor microenviron-
ment that promote cancer cell invasion and
immune evasion; Cognitive-behavioral stress
management (CBSM), A psychological interven-
tion to reduce stress and its physiological
impact on disease progression; Cyclic adenos-
ine monophosphate (cCAMP), A second messen-
ger involved in many cellular signaling path-
ways, including [B-AR-mediated stress res-
ponses; Cyclooxygenase-2 (COX2), An enzyme
that promotes inflammation and angiogenesis,
often upregulated in cancers; Corticotropin-
releasing factor (CRF), A hypothalamic hormone
that initiates the HPA axis stress response;
CcAMP response element-binding protein 1
(CREB1), A transcription factor activated by
PKA in stress signaling, regulating gene expres-
sion in tumor cells; Carnitine palmitoyltransfer-
ase 1A (CPT1A), A mitochondrial enzyme that
controls fatty acid oxidation, crucial for cancer
cell energy metabolism; Cytotoxic T-lympho-
cyte-associated protein 4 (CTLA4), An immune
checkpoint molecule that inhibits T cell activa-
tion and contributes to tumor immune escape;
Deoxycholic acid (DCA), A secondary bile acid
implicated in inflammation and colon cancer
progression; De novo lipogenesis (DNL), The
metabolic synthesis of fatty acids from non-lip-
id precursors, often upregulated in tumors;
Extracellular matrix (ECM), A structural network
of proteins and molecules surrounding cells,
which is remodeled during tumor invasion and
metastasis; Epithelial-mesenchymal transition
(EMT), A process by which epithelial cells
acquire mesenchymal traits, enhancing motility
and invasiveness; Enterotoxigenic Escherichia
coli (ETEC), A pathogenic bacterial strain known
for producing toxins and altering host immune
responses; Fatty acid B-oxidation (FAO), A met-
abolic pathway that breaks down fatty acids in
mitochondria to produce energy, often hijacked
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by tumors; Fibroblast growth factor (FGF), A sig-
naling molecule involved in tissue repair, angio-
genesis, and tumor development; Free fatty
acids (FFAs), Products of lipid metabolism that
serve as energy sources for tumor cells; Fatty
acid synthase (FASN), A key enzyme in lipid
biosynthesis, overexpressed in many cancers
to support growth and survival; Farnesoid X
receptor (FXR), A nuclear receptor that regu-
lates bile acid homeostasis and may modulate
inflammation in cancer; Glucose transporter
1/3 (GLUT1/3), Membrane proteins that facili-
tate glucose uptake into cells; often overex-
pressed in tumors; Gut microbiota (GM), The
community of microorganisms in the digestive
tract that interacts with the host immune sys-
tem and influences cancer; Glucocorticoid
receptor (GR), A nuclear receptor that binds
cortisol and modulates stress responses,
metabolism, and immune activity in cancer;
Histone deacetylase (HDAC), A class of enzymes
that regulate gene expression by modifying
chromatin structure, implicated in cancer pro-
gression; Hypoxia-inducible factor 1-alpha (HIF-
1), A transcription factor that responds to low
oxygen levels, promoting angiogenesis and
tumor survival; Hexokinase 2 (HK2), A glycolytic
enzyme critical for cancer cell metabolism and
survival under stress; Hypothalamic-pituitary-
adrenal (HPA) axis, The primary neuroendocrine
system activated by stress, influencing immu-
nity, metabolism, and cancer; Interferon (IFN),
A cytokine involved in antiviral and anti-tumor
immunity; Interleukin (IL), A group of cytokines
that modulate immune and inflammatory res-
ponses within the tumor microenvironment;
Janus kinase 2 (JAK2), A tyrosine kinase
involved in cytokine signaling and Signal trans-
ducer and activator of transcription (STAT) path-
way activation in inflammation and cancer;
Lactate dehydrogenase A (LDHA), A glycolytic
enzyme that converts pyruvate to lactate, pro-
moting cancer metabolism and immune sup-
pression; Lipopolysaccharide (LPS), A bacterial
endotoxin that triggers immune activation via
TLR4, contributing to tumor inflammation;
Matrix metalloproteinases (MMPs), Enzymes
that degrade ECM components and facilitate
cancer cell invasion; Mechanistic target of
rapamycin (mTOR), A central regulator of cell
growth, metabolism, and survival, frequently
activated in cancer; Neutrophil extracellular
traps (NETs), DNA and protein structures
released by neutrophils that can trap patho-
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gens but also promote metastasis; Natural kill-
er (NK) cells, Innate immune cells that can rec-
ognize and destroy tumor cells without prior
sensitization; Peroxisome proliferator-activated
receptor a/d (PPARa/d), Nuclear receptors that
regulate lipid metabolism and inflammation;
Programmed cell death protein 1 (PD-1), An
immune checkpoint receptor that downregu-
lates immune responses, exploited by tumors
to avoid detection; Prostaglandin E2 (PGE2), A
lipid compound involved in inflammation and
tumor immune evasion; Pentose phosphate
pathway (PPP), A metabolic route that provides
NADPH and nucleotides, supporting cancer
cell survival; Reactive oxygen species (ROS),
Chemically reactive molecules that can dam-
age cellular components and modulate cancer
signaling pathways; Short-chain fatty acids
(SCFAs), Microbial metabolites that influence
immune regulation and tumor progression;
Sympathetic nervous system (SNS), A branch of
the autonomic nervous system activated by
stress and involved in tumor progression via
B-AR signaling; Signal transducer and activator
of transcription (STAT), A family of transcription
factors activated by cytokines and growth fac-
tors in tumors; Tumor-associated macrophages
(TAMs), Macrophages in the tumor microenvi-
ronment that often adopt a tumor-promoting,
immunosuppressive phenotype; Transforming
growth factor beta (TGF-B), A cytokine that reg-
ulates cell proliferation and EMT, commonly
hijacked in cancer; Toll-like receptor 4 (TLR4), A
pattern recognition receptor that detects bac-
terial components like LPS and activates
inflammation; Tumor microenvironment (TME),
The cellular and molecular environment sur-
rounding tumor cells, including immune and
stromal components; Tumor necrosis factor
alpha (TNF-), A pro-inflammatory cytokine that
can promote or inhibit tumor development
depending on context; Uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc), A sugar
nucleotide involved in glycosylation, influencing
tumor cell signaling; Urokinase-type plasmino-
gen activator (uPA), A serine protease that
facilitates ECM degradation and cancer cell
invasion; Vascular cell adhesion molecule-1
(VCAM-1), A protein that mediates leukocyte
adhesion and may contribute to cancer metas-
tasis; VEGF, A potent angiogenic factor essen-
tial for tumor vascularization; Zinc finger E-box
binding homeobox 1 (ZEB1), A transcription fac-
tor that promotes EMT and tumor progression;
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Zonula occludens-1 (Z0-1), A tight junction pro-
tein essential for maintaining intestinal barrier
integrity, often disrupted by stress.

Address correspondence to: Wengiang Cui, Shan-
dong University of Traditional Chinese Medicine,
Jinan 250355, Shandong, China. E-mail: wqcuil6@
fudan.edu.cn

References

[1] Ma B, Wells A and Clark AM. The pan-therapeu-
tic resistance of disseminated tumor cells: role
of phenotypic plasticity and the metastatic mi-
croenvironment. Semin Cancer Biol 2020; 60:
138-147.

[2] Urano A and Hyodo S. In situ hybridization
techniques in the study of endocrine secre-
tions. Prog Clin Biol Res 1990; 342: 309-314.

[3] Yin JJ, Pollock CB and Kelly K. Mechanisms of
cancer metastasis to the bone. Cell Res 2005;
15: 57-62.

[4] Brent TP, Houghton PJ and Houghton JA. 06-
Alkylguanine-DNA alkyltransferase activity cor-
relates with the therapeutic response of hu-
man rhabdomyosarcoma xenografts to 1-(2-
chloroethyl)-3-(trans-4-methylcyclohexyl)-1-ni-
trosourea. Proc Natl Acad Sci U S A 1985; 82:
2985-2989.

[5] Chu KK, Wong KH and Chok KS. Expanding in-
dications for liver transplant: tumor and pa-
tient factors. Gut Liver 2021; 15: 19-30.

[6] DaiS, MoY, Wang, Xiang B, Liao Q, Zhou M,
Li X, Li Y, Xiong W, Li G, Guo C and Zeng Z.
Chronic stress promotes cancer development.
Front Oncol 2020; 10: 1492.

[7] ZhengY, Wang N, Wang S, Zhang J, Yang B and
Wang Z. Chronic psychological stress promotes
breast cancer pre-metastatic niche formation
by mobilizing splenic MDSCs via TAM/CXCL1
signaling. J Exp Clin Cancer Res 2023; 42:
129.

[8] Cohen S, Tyrrell DA and Smith AP. Psychologi-
cal stress and susceptibility to the common
cold. N Engl J Med 1991; 325: 606-612.

[9] CuiB, PengF, LuJ, He B, Su Q, Luo H, Deng Z,
Jiang T, Su K, Huang Y, Ud Din Z, Lam EW, Kel-
ley KW and Liu Q. Cancer and stress: NextGen
strategies. Brain Behav Immun 2021; 93: 368-
383.

[10] Zhangl, PanJ, Wang M, Yang J, Zhu S, Li L, Hu
X, Wang Z, Pang L, Li P, Jia F, Ren G, Zhang Y,
Xu D, Qiu F and Huang J. Chronic stress-in-
duced and tumor derived SP1(+) exosomes
polarizing IL-1B(+) neutrophils to increase lung
metastasis of breast cancer. Adv Sci (Weinh)
2025; 12: €2310266.

[11] Kokkosis AG, Madeira MM, Hage Z, Valais K,
Koliatsis D, Resutov E and Tsirka SE. Chronic

Am J Cancer Res 2025;15(12):5058-5083



[12]

[13]

(14]

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

5077

Stress-driven metastatic reprogramming

psychosocial stress triggers microglial-/macro-
phage-induced inflammatory responses lead-
ing to neuronal dysfunction and depressive-re-
lated behavior. Glia 2024; 72: 111-132.
Burke MR, Sotiropoulos | and Waites CL. The
multiple roles of chronic stress and glucocorti-
coids in Alzheimer's disease pathogenesis.
Trends Neurosci 2024; 47: 933-948.

Dong WY, Zhu X, Tang HD, Huang JY, Zhu MY,
Cheng PK, Wang H, Wang XY, Wang H, Mao Y,
Zhao W, Zhang Y, Tao WJ and Zhang Z. Brain
regulation of gastric dysfunction induced by
stress. Nat Metab 2023; 5: 1494-1505.

Zhou Y, Chu P, Wang Y, Li N, Gao Q, Wang S,
Wei J, Xue G, Zhao Y, Jia H, Song J, Zhang Y,
Pangy, Zhu H, Sun J, Ma S, Su C, Hu B, Zhao Z,
Zhang H, Lu J, Wang J, Wang H, Sun Z and Fang
D. Epinephrine promotes breast cancer metas-
tasis through a ubiquitin-specific peptidase
22-mediated lipolysis circuit. Sci Adv 2024;
10: ead01533.

Lightman SL, Birnie MT and Conway-Campbell
BL. Dynamics of ACTH and cortisol secretion
and implications for disease. Endocr Rev
2020; 41: bnaa002.

Bailey MT, Dowd SE, Galley JD, Hufnagle AR,
Allen RG and Lyte M. Exposure to a social
stressor alters the structure of the intestinal
microbiota: implications for stressor-induced
immunomodulation. Brain Behav Immun
2011; 25: 397-407.

Hu J. Stress-induced metastasis: the NET ef-
fect. Cancer Cell 2024; 42: 335-337.

Herman JP, McKlveen JM, Ghosal S, Kopp B,
Wulsin A, Makinson R, Scheimann J and Myers
B. Regulation of the hypothalamic-pituitary-
adrenocortical stress response. Compr Physiol
2016; 6: 603-621.

International symposium. Critical determi-
nants in cancer progression and metastasis. A
centennial celebration of Dr. Stephen Paget’'s
‘seed and soil’ hypothesis. March 6-10, 1989,
Houston, Texas. Abstracts. Cancer Metastasis
Rev 1989; 8: 93-197.

Fidler 1J. The pathogenesis of cancer metasta-
sis: the ‘seed and soil’ hypothesis revisited.
Nat Rev Cancer 2003; 3: 453-458.

Li L, Liu Q, Shang T, Song W, Xu D, Allen TD,
Wang X, Jeong J, Lobe CG and Liu J. Aberrant
activation of Notchl signaling in glomerular
endothelium induces albuminuria. Circ Res
2021; 128: 602-618.

Rogers CD, Saxena A and Bronner ME. Sip1l
mediates an E-cadherin-to-N-cadherin switch
during cranial neural crest EMT. J Cell Biol
2013; 203: 835-847.

Li M, Wang, Li M, Wu X, Setrerrahmane S and
Xu H. Integrins as attractive targets for cancer
therapeutics. Acta Pharm Sin B 2021; 11:
2726-2737.

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

Bakir B, Chiarella AM, Pitarresi JR and Rustgi
AK. EMT, MET, plasticity, and tumor metasta-
sis. Trends Cell Biol 2020; 30: 764-776.

Sulit AK, Daigneault M, Allen-Vercoe E, Si-
lander OK, Hock B, McKenzie J, Pearson J, Fri-
zelle FA, Schmeier S and Purcell R. Bacterial
lipopolysaccharide modulates immune re-
sponse in the colorectal tumor microenviron-
ment. NPJ Biofilms Microbiomes 2023; 9: 59.

Li X, Zhu X, Diba P, Shi X, Vrieling F, Jansen FAC,
Balvers MGJ, de Bus I, Levasseur PR, Sattler A,
Arneson-Wissink PC, Poland M, Witkamp RF,
van Norren K and Marks DL. Tumor-derived cy-
clooxygenase-2 fuels hypothalamic inflamma-
tion. Brain Behav Immun 2025; 123: 886-
902.

Das A, Yaqoob U, Mehta D and Shah VH. FXR
promotes endothelial cell motility through co-
ordinated regulation of FAK and MMP-9. Arte-
rioscler Thromb Vasc Biol 2009; 29: 562-570.
Mann ER, Lam YK and Uhlig HH. Short-chain
fatty acids: linking diet, the microbiome and
immunity. Nat Rev Immunol 2024; 24: 577-
595.

Mao X, Xu J, Wang W, Liang C, Hua J, Liu J,
Zhang B, Meng Q, Yu X and Shi S. Crosstalk
between cancer-associated fibroblasts and im-
mune cells in the tumor microenvironment:
new findings and future perspectives. Mol Can-
cer 2021; 20: 131.

Liu W, Powell CA and Wang Q. Tumor microen-
vironment in lung cancer-derived brain metas-
tasis. Chin Med J (Engl) 2022; 135: 1781-
1791.

Russell PS. Centers for transplantation: how
many should we have? Surgery 1986; 100:
863-866.

Ozga AJ, Chow MT and Luster AD. Chemokines
and the immune response to cancer. Immunity
2021; 54: 859-874.

Lian J and Luster AD. Chemokine-guided cell
positioning in the lymph node orchestrates the
generation of adaptive immune responses.
Curr Opin Cell Biol 2015; 36: 1-6.

Kim HJ, Chang HK, Lee YM and Heo K. Cate-
cholamines promote ovarian cancer progres-
sion through secretion of CXC-chemokines. Int
J Mol Sci 2023; 24: 14104.

LiuJ, Qu L, Wan C, Xiao M, Ni W, Jiang F, Fan Y,
Lu C and Ni R. A novel B2-AR/YB-1/B-catenin
axis mediates chronic stress-associated me-
tastasis in hepatocellular carcinoma. Onco-
genesis 2020; 9: 84.

Jiao Y, Kang G, Pan P, Fan H, Li Q, Li X, Li J,
Wang, JiaY, Zhang L, Sun H and Ma X. Acetyl-
choline promotes chronic stress-induced lung
adenocarcinoma progression via a5-nAChR/
FHIT pathway. Cell Mol Life Sci 2023; 80: 119.
Jia Q, Zhou Y, Song L, Shi X, Jiang X, Tao R,
Wang A, Wu Y, Wei Z, Zhang Y, Li X and Lu Y.

Am J Cancer Res 2025;15(12):5058-5083



(38]

[39]

[40]

(41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

5078

Stress-driven metastatic reprogramming

Baicalin reduces chronic stress-induced
breast cancer metastasis via directly targeting
2-adrenergic receptor. J Pharm Anal 2024;
14: 100934,

Zhou X, Wu C, Wang X, Pan N, Sun X, Chen B,
Zheng S, Wei Y, Chen J, Wu Y, Zhu F, Chen J,
Chen H and Wang LX. Tumor cell-released au-
tophagosomes (TRAPs) induce PD-L1-decorat-
ed NETs that suppress T-cell function to pro-
mote breast cancer pulmonary metastasis. J
Immunother Cancer 2024; 12: e009082.
Yang J, Wei W, Zhang S and Jiang W. Chronic
stress influences the macrophage M1-M2 po-
larization balance through B-adrenergic signal-
ing in hepatoma mice. Int Immunopharmacol
2024; 138: 112568.

Chen Z, Cao J, Xiao Z, Yang Z, Cheng Y, Duan J,
Zhou T and Xu F. HDC downregulation induced
by chronic stress promotes ovarian cancer pro-
gression via the 1L.-6/STAT3/S100A9 pathway.
Front Pharmacol 2024; 15: 1485885.

Le CP, Nowell CJ, Kim-Fuchs C, Botteri E, Hiller
JG, Ismail H, Pimentel MA, Chai MG, Karnezis
T, Rotmensz N, Renne G, Gandini S, Pouton
CW, Ferrari D, Mdller A, Stacker SA and Sloan
EK. Chronic stress in mice remodels lymph
vasculature to promote tumour cell dissemina-
tion. Nat Commun 2016; 7: 10634.

Ringelhan M, Pfister D, O’Connor T, Pikarsky E
and Heikenwalder M. The immunology of he-
patocellular carcinoma. Nat Immunol 2018;
19: 222-232.

Joung JY, Cho JH, Kim YH, Choi SH and Son CG.
A literature review for the mechanisms of
stress-induced liver injury. Brain Behav 2019;
9:e01235.

Lou F, Long H, Luo S, Liu Y, Pu J, Wang H, Ji P
and Jin X. Chronic restraint stress promotes
the tumorigenic potential of oral squamous
cell carcinoma cells by reprogramming fatty
acid metabolism via CXCL3 mediated Wnt/(3-
catenin pathway. Exp Neurol 2023; 359:
114268.

Brown JR and DuBois RN. COX-2: a molecular
target for colorectal cancer prevention. J Clin
Oncol 2005; 23: 2840-2855.

Tan Z, Luo X, Xiao L, Tang M, Bode AM, Dong Z
and Cao Y. The role of PGC1a in cancer me-
tabolism and its therapeutic implications. Mol
Cancer Ther 2016; 15: 774-782.

Liu B, Dong K, Chen X, Dong H, Zhao Y, Wang
X, Sun Z, Xie F and Qian L. Inhibition of glycoly-
sis alleviates chronic unpredictable mild stress
induced neuroinflammation and depression-
like behavior. Brain Sci 2024; 14: 1098.
Robinson TE and Becker JB. Behavioral sensi-
tization is accompanied by an enhancement in
amphetamine-stimulated dopamine release

[49]

(50]

(52]

(53]

(54]

[55]

(56]

[57]

from striatal tissue in vitro. Eur J Pharmacol
1982; 85: 253-254.

FuZ, Deng M, Zhou Q, Li S, Liu W, Cao S, Zhang
L, Deng Y and Xi S. Arsenic activated GLUT1-
mMTORC1/HIF-1a-PKM2 positive feedback net-
works promote proliferation and migration of
bladder epithelial cells. Sci Total Environ 2024;
947: 174538.

Qian JF, Liang SQ, Wang QY, Xu JC, Luo W,
Huang WJ, Wu GJ and Liang G. Isoproterenol
induces MD2 activation by B-AR-CAMP-PKA-
ROS signalling axis in cardiomyocytes and
macrophages drives inflammatory heart fail-
ure. Acta Pharmacol Sin 2024; 45: 531-544.
Xu S, Karmacharya N, Woo J, Cao G, Guo C,
Gow A, Panettieri RA Jr and Jude JA. Starving a
cell promotes airway smooth muscle relax-
ation: inhibition of glycolysis attenuates excita-
tion-contraction coupling. Am J Respir Cell Mol
Biol 2023; 68: 39-48.

Iwamoto S, Kobayashi T, Hanamatsu H, Yokota
I, Teranishi Y, lwamoto A, Kitagawa M, Ashida
S, Sakurai A, Matsuo S, Myokan Y, Sugimoto A,
Ushioda R, Nagata K, Gotoh N, Nakajima K, Ni-
shikaze T, Furukawa JI and Itano N. Tolerable
glycometabolic stress boosts cancer cell resil-
ience through altered N-glycosylation and
Notch signaling activation. Cell Death Dis
2024; 15: 53.

Ata R and Antonescu CN. Integrins and cell me-
tabolism: an intimate relationship impacting
cancer. Int J Mol Sci 2017; 18: 189.
Zoccarato A, Smyrnias |, Reumiller CM, Hafs-
tad AD, Chong M, Richards DA, Santos CXC,
Visnagri A, Verma S, Bromage DI, Zhang M,
Zhang X, Sawyer G, Thompson R and Shah AM.
NRF2 activation in the heart induces glucose
metabolic reprogramming and reduces cardi-
ac dysfunction via upregulation of the pentose
phosphate pathway. Cardiovasc Res 2025;
121: 339-352.

Hu XT, Xing W, Zhao RS, Tan Y, Wu XF, Ao LQ, Li
Z,Yao MW, Yuan M, Guo W, Li SZ, Yu J, Ao X and
Xu X. HDAC2 inhibits EMT-mediated cancer
metastasis by downregulating the long non-
coding RNA H19 in colorectal cancer. J Exp Clin
Cancer Res 2020; 39: 270.

Wagner W, Ciszewski WM and Kania KD. L-and
D-lactate enhance DNA repair and modulate
the resistance of cervical carcinoma cells to
anticancer drugs via histone deacetylase inhi-
bition and hydroxycarboxylic acid receptor 1
activation. Cell Commun Signal 2015; 13: 36.
Diehl K, Dinges LA, Helm O, Ammar N, Plun-
drich D, Arlt A, Rocken C, Sebens S and Schafer
H. Nuclear factor E2-related factor-2 has a dif-
ferential impact on MCT1 and MCT4 lactate
carrier expression in colonic epithelial cells: a
condition favoring metabolic symbiosis be-

Am J Cancer Res 2025;15(12):5058-5083



(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Stress-driven metastatic reprogramming

tween colorectal cancer and stromal cells. On-
cogene 2018; 37: 39-51.

Benzarti M, Neises L, Oudin A, Krétz C, Viry E,
Gargiulo E, Pulido C, Schmoetten M, Pozdeev
V, Lorenz NI, Ronellenfitsch MW, Sumpton D,
Warmoes M, Jaeger C, Lesur A, Becker B,
Moussay E, Paggetti J, Niclou SP, Letellier E
and Meiser J. PKM2 diverts glycolytic flux in
dependence on mitochondrial one-carbon cy-
cle. Cell Rep 2024; 43: 113868.

Zhang RS, Li ZK, Liu J, Deng YT and Jiang Y.
WZB117 enhanced the anti-tumor effect of
apatinib against melanoma via blocking
STAT3/PKM2 axis. Front Pharmacol 2022; 13:
976117.

Schott MB, Rasineni K, Weller SG, Schulze RJ,
Sletten AC, Casey CA and McNiven MA.
B-Adrenergic induction of lipolysis in hepato-
cytes is inhibited by ethanol exposure. J Biol
Chem 2017; 292: 11815-11828.

Fuchs CD, Radun R, Dixon ED, Mlitz V, Timelt-
haler G, Halilbasic E, Herac M, Jonker JW, Ron-
da OAHO, Tardelli M, Haemmerle G, Zimmer-
mann R, Scharnag| H, Stojakovic T, Verkade HJ
and Trauner M. Hepatocyte-specific deletion of
adipose triglyceride lipase (adipose triglycer-
ide lipase/patatin-like phospholipase domain
containing 2) ameliorates dietary induced ste-
atohepatitis in mice. Hepatology 2022; 75:
125-139.

Hara S, Furukawa F, Mukai K, Yazawa T and
Kitano T. Peroxisome proliferator-activated re-
ceptor alpha is involved in the temperature-in-
duced sex differentiation of a vertebrate. Sci
Rep 2020; 10: 11672.

Tan Z, Xiao L, Tang M, Bai F, Li J, Li L, Shi F, Li
N, LiY, Du Q, Lu J, Weng X, Yi W, Zhang H, Fan
J, Zhou J, Gao Q, Onuchic JN, Bode AM, Luo X
and Cao Y. Targeting CPT1A-mediated fatty
acid oxidation sensitizes nasopharyngeal car-
cinoma to radiation therapy. Theranostics
2018; 8: 2329-2347.

Chakravarti B, Akhtar Siddiqui J, Anthony Sinha
R and Raza S. Targeting autophagy and lipid
metabolism in cancer stem cells. Biochem
Pharmacol 2023; 212: 115550.

Yang F, Dai Y, Min C and Li X. Neonatal over-
feeding induced glucocorticoid overexposure
accelerates hepatic lipogenesis in male rats.
Nutr Metab (Lond) 2018; 15: 30.

Vassiliou E and Farias-Pereira R. Impact of lipid
metabolism on macrophage polarization: im-
plications for inflammation and tumor immu-
nity. Int J Mol Sci 2023; 24: 12032.

Zhang M, Wu W, Huang C, Cai T, Zhao N, Liu S
and Yang S. Shuxie-1 decoction alleviated
CUMS -induced liver injury via IL-6/JAK2/
STAT3 signaling. Front Pharmacol 2022; 13:
848355.

5079

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

(77}

(78]

[79]

Koo YD, Lee JS, Lee SA, Quaresma PGF, Bhat
R, Haynes WG, Park YJ, Kim YB, Chung SS and
Park KS. SUMO-specific protease 2 mediates
leptin-induced fatty acid oxidation in skeletal
muscle. Metabolism 2019; 95: 27-35.

Kimura S, Noguchi H, Nanbu U and Nakayama
T. Macrophage CCL22 expression promotes
lymphangiogenesis in patients with tongue
squamous cell carcinoma via IL-4/STAT6 in the
tumor microenvironment. Oncol Lett 2021; 21:
383.

Su P, Wang Q, Bi E, Ma X, Liu L, Yang M, Qian J
and Yi Q. Enhanced lipid accumulation and
metabolism are required for the differentiation
and activation of tumor-associated macro-
phages. Cancer Res 2020; 80: 1438-1450.
Jiang Y, Hu Y, Yang, Yan R, Zheng L, Fu X, Xiao
C and You F. Tong-Xie-Yao-Fang promotes den-
dritic cells maturation and retards tumor
growth in colorectal cancer mice with chronic
restraint stress. J Ethnopharmacol 2024; 319:
117069.

He B, Guo W, Shi R, Hoffman RD, Luo Q, Hu YJ
and Gao J. Ruyong formula improves thymus
function of CUMS-stimulated breast cancer
mice. J Ethnopharmacol 2024; 319: 117164.
Huang Q, Zang X, Zhang Z, Yu H, Ding B, Li Z,
Cheng S, Zhang X, Ali MRK, Qiu X and Lv Z.
Study on endogenous inhibitors against PD-
L1: cAMP as a potential candidate. Int J Biol
Macromol 2023; 230: 123266.

Schuller HM and Al-Wadei HA. Beta-adrenergic
signaling in the development and progression
of pulmonary and pancreatic adenocarcino-
ma. Curr Cancer Ther Rev 2012; 8: 116-127.
Noushad S, Ahmed S, Ansari B, Mustafa UH,
Saleem Y and Hazrat H. Physiological biomark-
ers of chronic stress: a systematic review. Int J
Health Sci (Qassim) 2021; 15: 46-59.
Diandong H, Feng G, Zaifu L, Helland T, Weixin
F and Liping C. Sea buckthorn (Hippophae
rhamnoides L.) oil protects against chronic
stress-induced inhibitory function of natural
killer cells in rats. Int J Immunopathol Pharma-
col 2016; 29: 76-83.

Theorell J, Gustavsson AL, Tesi B, Sigmunds-
son K, Ljunggren HG, Lundback T and Bry-
ceson YT. Immunomodulatory activity of com-
monly used drugs on Fc-receptor-mediated
human natural killer cell activation. Cancer
Immunol Immunother 2014; 63: 627-641.
Maciuszek M, Klak K, Rydz L, Verburg-van
Kemenade BML and Chadzinska M. Cortisol
metabolism in carp macrophages: a role for
macrophage-derived cortisol in M1/M2 polar-
ization. Int J Mol Sci 2020; 21: 8954.

Qin JF, Jin FJ, Li N, Guan HT, Lan L, Ni H and
Wang Y. Adrenergic receptor B2 activation by
stress promotes breast cancer progression

Am J Cancer Res 2025;15(12):5058-5083



[80]

(81]

[82]

[83]

(84]

[85]

(86]

[87]

(88]

[89]

[90]

Stress-driven metastatic reprogramming

through macrophages M2 polarization in tu-
mor microenvironment. BMB Rep 2015; 48:
295-300.

Colon-Echevarria CB, Ortiz T, Maldonado L, Hi-
dalgo-Vargas MJ, Pérez-Morales J, Aquino-Ace-
vedo AN, Herrera-Noriega R, Bonilla-Claudio M,
Castro EM and Armaiz-Pena GN. Zoledronic
acid abrogates restraint stress-induced macro-
phage infiltration, PDGF-AA expression, and
ovarian cancer growth. Cancers (Basel) 2020;
12: 2671.

Yang L, Liu Q, Zhang X, Liu X, Zhou B, Chen J,
Huang D, Li J, Li H, Chen F, Liu J, Xing Y, Chen
X, Su S and Song E. DNA of neutrophil extracel-
lular traps promotes cancer metastasis via
CCDC25. Nature 2020; 583: 133-138.
Weculek SK and Malanchi I. Author correction:
neutrophils support lung colonization of me-
tastasis-initiating breast cancer cells. Nature
2019; 571: E2.

Li Q, Huang F, Liu J, Zhao YH, Zhang M and
Chen YJ. Psychological stress alters extracel-
lular matrix metabolism in mandibular condy-
lar cartilage. Chin J Dent Res 2017; 20: 125-
135.

Najafi M, Farhood B and Mortezaee K. Extra-
cellular matrix (ECM) stiffness and degrada-
tion as cancer drivers. J Cell Biochem 2019;
120: 2782-2790.

Sommershof A, Scheuermann L, Koerner J and
Groettrup M. Chronic stress suppresses anti-
tumor T(CD8+) responses and tumor regres-
sion following cancer immunotherapy in a
mouse model of melanoma. Brain Behav Im-
mun 2017; 65: 140-149.

Maltz RM, Marte-Ortiz P, McClinchie MG, Hilt
ME and Bailey MT. T cell-induced colitis is exac-
erbated by prolonged stress: a comparison in
male and female mice. Biomedicines 2024;
12:214.

Chen YX, Wang, Fu CC, Diao F, Song LN, Li ZB,
Yang R and Lu J. Dexamethasone enhances
cell resistance to chemotherapy by increasing
adhesion to extracellular matrix in human
ovarian cancer cells. Endocr Relat Cancer
2010; 17: 39-50.

Ceccamea A, Dominici C, Carlei F, Lomanto D,
Gobbi V, Corrente M and Cappelli CA. Motilin
cells in the intestinal mucosa in celiac disease
before, during and after diet therapy. Immuno-
histochemical study. Minerva Pediatr 1988;
40: 203-206.

Xie H, Li C, He Y, Griffin R, Ye Q and Li L. Chron-
ic stress promotes oral cancer growth and an-
giogenesis with increased circulating catechol-
amine and glucocorticoid levels in a mouse
model. Oral Oncol 2015; 51: 991-997.

Yang EV, Kim SJ, Donovan EL, Chen M, Gross
AC, Webster Marketon JI, Barsky SH and Gla-

5080

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

ser R. Norepinephrine upregulates VEGF, IL-8,
and IL-6 expression in human melanoma tu-
mor cell lines: implications for stress-related
enhancement of tumor progression. Brain Be-
hav Immun 2009; 23: 267-275.

Wu X, Liu BJ, Ji S, Wu JF, Xu CQ, Du YJ, You XF,
Li B, Le JJ, Xu HL, Duan XH and Dong JC. Social
defeat stress promotes tumor growth and an-
giogenesis by upregulating vascular endotheli-
al growth factor/extracellular signal-regulated
kinase/matrix metalloproteinase signaling in a
mouse model of lung carcinoma. Mol Med Rep
2015; 12: 1405-1412.

LuY, Zhao H, LiuY, Zuo Y, Xu Q, Liu L, Li X, Zhu
H, Zhang Y, Zhang S, Zhao X and Li Y. Chronic
stress activates PlexinA1/VEGFR2-JAK2-STAT3
in vascular endothelial cells to promote angio-
genesis. Front Oncol 2021; 11: 709057.

Neri D and Supuran CT. Interfering with pH
regulation in tumours as a therapeutic strate-
gy. Nat Rev Drug Discov 2011; 10: 767-777.
Rey S, Schito L, Wouters BG, Eliasof S and Ker-
bel RS. Targeting hypoxia-inducible factors for
antiangiogenic cancer therapy. Trends Cancer
2017; 3: 529-541.

Thaiss CA, Zmora N, Levy M and Elinav E. The
microbiome and innate immunity. Nature
2016; 535: 65-74.

Arpaia N, Campbell C, Fan X, Dikiy S, van der
Veeken J, deRoos P, Liu H, Cross JR, Pfeffer K,
Coffer PJ and Rudensky AY. Metabolites pro-
duced by commensal bacteria promote periph-
eral regulatory T-cell generation. Nature 2013;
504: 451-455.

Weiss GA and Hennet T. Mechanisms and con-
sequences of intestinal dysbiosis. Cell Mol Life
Sci 2017; 74: 2959-2977.

Stephens M and von der Weid PY. Lipopolysac-
charides modulate intestinal epithelial perme-
ability and inflammation in a species-specific
manner. Gut Microbes 2020; 11: 421-432.
Wong Y, Sethu C, Louafi F and Hossain P. Lipo-
polysaccharide regulation of toll-like recep-
tor-4 and matrix metalloprotease-9 in human
primary corneal fibroblasts. Invest Ophthalmol
Vis Sci 2011; 52: 2796-2803.

[100] Fan S, Liao Y, Qiu W, Huang Q, Xiao H, Liu C, Li

D, Cao X, Li L, Liang H, Ai B and Zhou S. Estro-
gen promotes the metastasis of non-small cell
lung cancer via estrogen receptor 3 by upregu-
lation of Toll-like receptor 4 and activation of
the myd88/NF-kB/MMP2 pathway. Oncol Rep
2020; [Epub ahead of print].

[101] Ruiz L, Delgado S, Ruas-Madiedo P, Sanchez B

and Margolles A. Bifidobacteria and their mo-
lecular communication with the immune sys-
tem. Front Microbiol 2017; 8: 2345.

[102] Chandrakesan P, Roy B, Jakkula LU, Ahmed I,

Ramamoorthy P, Tawfik O, Papineni R, Houchen

Am J Cancer Res 2025;15(12):5058-5083



Stress-driven metastatic reprogramming

C, Anant S and Umar S. Utility of a bacterial in-
fection model to study epithelial-mesenchymal
transition, mesenchymal-epithelial transition
or tumorigenesis. Oncogene 2014; 33: 2639-
2654.

[103] De Spiegeleer B, Verbeke F, D’Hondt M, Hen-
drix A, Van De Wiele C, Burvenich C, Peremans
K, De Wever O, Bracke M and Wynendaele E.
The quorum sensing peptides PhrG, CSP and
EDF promote angiogenesis and invasion of
breast cancer cells in vitro. PLoS One 2015;
10: e0119471.

[104] Wynendaele E, Verbeke F, D’Hondt M, Hendrix
A, Van De Wiele C, Burvenich C, Peremans K,
De Wever O, Bracke M and De Spiegeleer B.
Crosstalk between the microbiome and cancer
cells by quorum sensing peptides. Peptides
2015; 64: 40-48.

[105] Lv H, Xia S, He Y, Qiao C, Liu J, Guo J and Li S.
Effect of chronic cold stress on gut microbial
diversity, intestinal inflammation and pyropto-
sis in mice. J Physiol Biochem 2024; 80: 465-
477.

[106] Konturek PC, Konturek K, Brzozowski T, Wojcik
D, Magierowski M, Targosz A, Krzysiek-Maczka
G, Sliwowski Z, Strzalka M, Magierowska K,
Szczyrk U, Kwiecien S, Ptak-Belowska A, Neur-
ath M, Dieterich W, Wirtz S and Zopf Y. Partici-
pation of the intestinal microbiota in the mech-
anism of beneficial effect of treatment with
synbiotic Syngut on experimental colitis under
stress conditions. J Physiol Pharmacol 2020;
71.

[107] Gao X, Cao Q, Cheng Y, Zhao D, Wang Z, Yang
H, Wu Q, You L, WangY, Lin Y, Li X, Wang Y, Bian
JS, Sun D, Kong L, Birnbaumer L and Yang Y.
Chronic stress promotes colitis by disturbing
the gut microbiota and triggering immune sys-
tem response. Proc Natl Acad Sci U S A 2018;
115: E2960-E2969.

[108] Ma C, Han M, Heinrich B, Fu Q, Zhang Q, Sand-
hu M, Agdashian D, Terabe M, Berzofsky JA,
Fako V, Ritz T, Longerich T, Theriot CM, McCull-
och JA, Roy S, Yuan W, Thovarai V, Sen SK,
Ruchirawat M, Korangy F, Wang XW, Trinchieri
G and Greten TF. Gut microbiome-mediated
bile acid metabolism regulates liver cancer via
NKT cells. Science 2018; 360: eaan5931.

[109] Luu M, Riester Z, Baldrich A, Reichardt N, Yuille
S, Busetti A, Klein M, Wempe A, Leister H, Rai-
fer H, Picard F, Muhammad K, Ohl K, Romero
R, Fischer F, Bauer CA, Huber M, Gress TM,
Lauth M, Danhof S, Bopp T, Nerreter T, Mulder
IE, Steinhoff U, Hudecek M and Visekruna A.
Microbial short-chain fatty acids modulate
CD8(+) T cell responses and improve adoptive
immunotherapy for cancer. Nat Commun
2021; 12: 4077.

5081

[110] He Y, Fu L, Li Y, Wang W, Gong M, Zhang J,

Dong X, Huang J, Wang Q, Mackay CR, Fu YX,
Chen Y and Guo X. Gut microbial metabolites
facilitate anticancer therapy efficacy by modu-
lating cytotoxic CD8(+) T cell immunity. Cell
Metab 2021; 33: 988-1000, €1007.

[111] Routy B, Le Chatelier E, Derosa L, Duong CPM,

Alou MT, Daillére R, Fluckiger A, Messaoudene
M, Rauber C, Roberti MP, Fidelle M, Flament C,
Poirier-Colame V, Opolon P, Klein C, Iribarren K,
Mondragon L, Jacquelot N, Qu B, Ferrere G,
Clémenson C, Mezquita L, Masip JR, Naltet C,
Brosseau S, Kaderbhai C, Richard C, Rizvi H,
Levenez F, Galleron N, Quinquis B, Pons N,
Ryffel B, Minard-Colin V, Gonin P, Soria JC,
Deutsch E, Loriot Y, Ghiringhelli F, Zalcman G,
Goldwasser F, Escudier B, Hellmann MD, Egg-
ermont A, Raoult D, Albiges L, Kroemer G and
Zitvogel L. Gut microbiome influences efficacy
of PD-1-based immunotherapy against epithe-
lial tumors. Science 2018; 359: 91-97.

[112] Chen J, Levy A, Tian AL, Huang X, Cai G, Fidelle

M, Rauber C, Ly P, Pizzato E, Sitterle L, Piccinno
G, Liu P, Durand S, Mao M, Zhao L, lebba V,
Felchle H, Mallard de La Varende AL, Fischer
JC, Thomas S, Greten TF, Jones JC, Monge C,
Demaria S, Formenti S, Belluomini L, Dionisi V,
Massard C, Blanchard P, Robert C, Quevrin C,
Lopes E, Clémenson C, Mondini M, Meziani L,
Zhan Y, Zeng C, Cai Q, Morel D, Sun R, Laurent
PA, Mangoni M, Di Cataldo V, Arilli C, Trommer
M, Wegen S, Neppl S, Riechelmann RP, Ca-
mandaroba MP, Neto ES, Fournier PE, Segata
N, Holicek P, Galluzzi L, Buqué A, Alves Costa
Silva C, Derosa L, Kroemer G, Chen C, Zitvogel
L and Deutsch E. Low-dose irradiation of the
gut improves the efficacy of PD-L1 blockade in
metastatic cancer patients. Cancer Cell 2025;
43: 361-379, €310.

[113] Zhang H, Wang Z, Wang G, Song X, Qian Y, Liao

Z, Sui L, Ai L and Xia Y. Understanding the con-
nection between gut homeostasis and psycho-
logical stress. J Nutr 2023; 153: 924-939.

[114] Wang N, Hu J, Jin L, Wang S, Zeng B, Liu Y, Jin

A, Piao J, Chen L, Huang W, Gao Z, Wang Y, Cui
W and Jin M. Inulin and hyaluronic acid-based
oral liposome for enhanced photo-chemother-
apy against orthotopic colon cancer and its re-
versal effects on tumor hypoxia and intestinal
microbiota. Int J Biol Macromol 2025; 304:
140996.

[115] Hendrikx T, Duan Y, Wang Y, Oh JH, Alexander

LM, Huang W, Starkel P, Ho SB, Gao B, Fiehn O,
Emond P, Sokol H, van Pijkeren JP and Schnabl
B. Bacteria engineered to produce IL-22 in in-
testine induce expression of REG3G to reduce
ethanol-induced liver disease in mice. Gut
2019; 68: 1504-1515.

Am J Cancer Res 2025;15(12):5058-5083



Stress-driven metastatic reprogramming

[116] Waidmann O, Kronenberger B, Scheiermann P,
Koberle V, Muhl H and Piiper A. Interleukin-22
serum levels are a negative prognostic indica-
tor in patients with hepatocellular carcinoma.
Hepatology 2014; 59: 1207.

[117] Chen X, Wang M, Yu K, Xu S, Qiu P, Lyu Z, Zhang
X and Xu Y. Chronic stress-induced immune
dysregulation in breast cancer: Implications of
psychosocial factors. J Transl Int Med 2023;
11: 226-233.

[118] Esch T, Stefano GB and Michaelsen MM. The
foundations of mind-body medicine: love, good
relationships, and happiness modulate stress
and promote health. Stress Health 2024; 40:
e3387.

[119] Banerjee J, Papu John AM and Schuller HM.
Regulation of nonsmall-cell lung cancer stem
cell like cells by neurotransmitters and opioid
peptides. Int J Cancer 2015; 137: 2815-2824.

[120] Ream M, Plotke R, Taub CJ, Borowsky PA, Her-
nandez A, Blomberg B, Goel N and Antoni MH.
Cognitive behavioral stress management ef-
fects on cancer-related distress and neuroen-
docrine signaling in breast cancer: differential
effects by neighborhood disadvantage. Breast
Cancer Res Treat 2025; 211: 161-172.

[121] Moreno PI, Horner FS, Torzewski JB, Thomas
JL, Gradishar W, Victorson D and Penedo FJ.
Study design and protocol for tailored Accep-
tance and Commitment Therapy (ACT) to opti-
mize quality of life in women living with meta-
static breast cancer. Contemp Clin Trials
Commun 2021; 25: 100870.

[122] R P, Kumar AP, Dhamodhini KS, Venugopal V,
Silambanan S, K M and Shah P. Role of yoga in
stress management and implications in major
depression disorder. J Ayurveda Integr Med
2023; 14: 100767.

[123] Venkatesh HN, Ravish H, Wilma Delphine Sil-
via CR and Srinivas H. Molecular signature of
the immune response to yoga therapy in
stress-related chronic disease conditions: an
insight. Int J Yoga 2020; 13: 9-17.

[124] Kacem |, Kahloul M, EI Arem S, Ayachi S, Haf-
sia M, Maoua M, Ben Othmane M, El Maalel O,
Hmida W, Bouallague O, Ben Abdessalem K,
Naija W and Mrizek N. Effects of music therapy
on occupational stress and burn-out risk of op-
erating room staff. Libyan J Med 2020; 15:
1768024.

[125] Veehof MM, Trompetter HR, Bohimeijer ET and
Schreurs KM. Acceptance- and mindfulness-
based interventions for the treatment of chron-
ic pain: a meta-analytic review. Cogn Behav
Ther 2016; 45: 5-31.

[126] Krams |A, Rantala MJ, Borraz-Leén JI and
Luoto S. Corrigendum to “Bipolar disorder: an
evolutionary psychoneuroimmunological ap-
proach”. Neurosci Biobehav Rev 2021; 126:
528.

5082

[127] Cacioppo JT, Cacioppo S, Capitanio JP and
Cole SW. The neuroendocrinology of social iso-
lation. Annu Rev Psychol 2015; 66: 733-767.

[128]Jia Z, Yu W, Li X, Dong T, Wang X, Li J, Yang J
and Liu Y. Du-moxibustion ameliorates depres-
sion-like behavior and neuroinflammation in
chronic unpredictable mild stress-induced
mice. J Affect Disord 2024; 358: 211-221.

[129] Liu L, Chen Q, Lyu T, Zhao L, Miao Q, Liu Y, Nie
L, FuF Li S, Zeng C, Zhang Y, Peng P, Wang W,
Lin Y and Li B. Effect of acupuncture for tem-
poromandibular disorders: a randomized clini-
cal trial. QJM 2024; 117: 647-656.

[130] Tsai PF, Kitch S, Chang JY, James GA, Dubbert
P, Roca JV and Powers CH. Tai chi for posttrau-
matic stress disorder and chronic musculo-
skeletal pain: a pilot study. J Holist Nurs 2018;
36: 147-158.

[131] Reavis HD, Gysler SM, McKenney GB, Knarr M,
Lusk HJ, Rawat P, Rendulich HS, Mitchell MA,
Berger DS, Moon JS, Ryu S, Mainigi M, Iwanicki
MP, Hoon DS, Sanchez LM and Drapkin R. Nor-
epinephrine induces anoikis resistance in
high-grade serous ovarian cancer precursor
cells. JCl Insight 2024; 9: e170961.

[132] Switzer B, Puzanov |, Gandhi S and Repasky
EA. Targeting beta-adrenergic receptor path-
ways in melanoma: how stress modulates on-
cogenic immunity. Melanoma Res 2024; 34:
89-95.

[133] Dezong G, Zhongbing M, Qinye F and Zhigang
Y. Carvedilol suppresses migration and inva-
sion of malignant breast cells by inactivating
Src involving cAMP/PKA and PKCO signaling
pathway. J Cancer Res Ther 2014; 10: 998-
1003.

[134] Alizadeh M, Moshtagh S, Abdolalizadeh Amir
S, Jeddi M, Tahmasebzadeh S, Radman G, Ba-
gheri A, Bagheri Y and Shahabinejad N. Anti-
oxidant and anti-apoptotic effects of gamma-
oryzanol on male reproductive function in
chronic restraint stress in rats. Avicenna J
Phytomed 2025; 15: 890-906.

[135] Fumagalli C, Maurizi N, Marchionni N and For-
nasari D. B-blockers: their new life from hyper-
tension to cancer and migraine. Pharmacol
Res 2020; 151: 104587.

[136] Qiao G, Chen M, Mohammadpour H, MacDon-
ald CR, Bucsek MJ, Hylander BL, Barbi JJ and
Repasky EA. Chronic adrenergic stress contrib-
utes to metabolic dysfunction and an exhaust-
ed phenotype in T cells in the tumor microenvi-
ronment. Cancer Immunol Res 2021; 9:
651-664.

[137] Filippi L, Dal Monte M, Casini G, Daniotti M,
Sereni F and Bagnoli P. Infantile hemangio-
mas, retinopathy of prematurity and cancer: a
common pathogenetic role of the B-adrenergic
system. Med Res Rev 2015; 35: 619-652.

Am J Cancer Res 2025;15(12):5058-5083



Stress-driven metastatic reprogramming

[138] Shi TS, Li WY, Chen YM, Huang J, Guan W, Xu
DW and lJiang B. The antidepressant-like ef-
fects of escitalopram in mice require salt-in-
ducible kinase 1 and CREB-regulated tran-
scription co-activator 1 in the paraventricular
nucleus of the hypothalamus. J Affect Disord
2023; 338: 228-238.

[139] Lu J, Zhang X, Su K, Luo H, Liu C, Yang Y, He B,
Wang C, Zhao Z, Liu X, Wang X, Meng P, Lv D,
Wang C, Kelley KW, Wang L, Cui B, Liu Q and
Peng F. Olanzapine suppresses mPFC activity-
norepinephrine releasing to alleviate CLOCK-
enhanced cancer stemness under chronic
stress. Cell Commun Signal 2024; 22: 375.

[140] Tang Y, Gao Y, Nie K, Wang H, Chen S, Su H,
Huang W and Dong H. Jiao-tai-wan and its ef-
fective component-berberine improve diabetes
and depressive disorder through the cAMP/
PKA/CREB signaling pathway. J Ethnopharma-
col 2024; 324: 117829.

[141] TaoY, Yuan J, Zhou H, Li Z, Yao X, Wu H, Shi H,
Huang F and Wu X. Antidepressant potential of
total flavonoids from Astragalus in a chronic
stress mouse model: implications for myelina-
tion and Wnt/B-catenin/Olig2/Sox10 signaling
axis modulation. J Ethnopharmacol 2024;
325:117846.

[142] Mohamed AM, Habib MZ, Ebeid MA, Ab-
delraouf SM, ElI Faramawy Y, Aboul-Fotouh S
and Magdy Y. Amisulpride alleviates chronic
mild stress-induced cognitive deficits: Role of
prefrontal cortex microglia and Wnt/B-catenin
pathway. Eur J Pharmacol 2020; 885: 173411.

[143] Xiao Z, Cao Z, Yang J, Jia Z, Du Y, Sun G, Lu Y
and Pei L. Baicalin promotes hippocampal
neurogenesis via the Wnt/B-catenin pathway
in a chronic unpredictable mild stress-induced
mouse model of depression. Biochem Phar-
macol 2021; 190: 114594.

[144] Gao X, Zheng X, Li Z, Zhou Y, Sun H, Zhang L,
Guo X, Du G and Qin X. Metabonomic study on
chronic unpredictable mild stress and inter-
vention effects of Xiaoyaosan in rats using gas
chromatography coupled with mass spectrom-
etry. J Ethnopharmacol 2011; 137: 690-699.

5083

[145] Tian JS, Shi BY, Xiang H, Gao S, Qin XM and Du
GH. 1H-NMR-based metabonomic studies on
the anti-depressant effect of genipin in the
chronic unpredictable mild stress rat model.
PLoS One 2013; 8: e75721.

[146] Pan L, Lan B, Li S, Jin'Y, Cui M, Xia Y, Wei S and
Huang H. Gypenoside inhibits gastric cancer
proliferation by suppressing glycolysis via the
Hippo pathway. Sci Rep 2024; 14: 19003.

[147] Li W, Liu H, Zheng J, Wang D, Wang Z, Hong M
and Zhou Y. Kaempferol modulates a2M se-
cretion in bone marrow-derived macrophages
by downregulating GR/PER1-mediated lipid
metabolism to attenuate the emotional stress-
aggravated metastasis of prostate cancer. J
Ethnopharmacol 2025; 339: 119162.

[148] Penninx BW, Pine DS, Holmes EA and Reif A.
Anxiety disorders. Lancet 2021; 397: 914-927.

[149] Geng X, Wu H, Li Z, Li C, Chen D, Zong J, Liu Z,
Wei S and Peng W. lJie-Yu-He-Huan capsule
ameliorates anxiety-like behaviours in rats ex-
posed to chronic restraint stress via the cAMP/
PKA/CREB/BDNF signalling pathway. Oxid
Med Cell Longev 2021; 2021: 1703981.

[150] Zhao Z, Liu P, Zhang H, Wang M, Liu Y, Wang L,
He H, Ge Y, Zhou T, Xiao C, You Z and Zhang J.
Gastrodin prevents stress-induced synaptic
plasticity impairment and behavioral dysfunc-
tion via cAMP/PKA/CREB signaling pathway.
Phytomedicine 2025; 141: 156661.

[151] Wang C, Guo J and Guo R. Effect of XingPiJieYu
decoction on spatial learning and memory and
cAMP-PKA-CREB-BDNF pathway in rat model
of depression through chronic unpredictable
stress. BMC Complement Altern Med 2017;
17: 73.

[152] Wang L, Guo T, Guo Y and Xu Y. Asiaticoside
produces an antidepressant-like effect in a
chronic unpredictable mild stress model of de-
pression in mice, involving reversion of inflam-
mation and the PKA/pCREB/BDNF signaling
pathway. Mol Med Rep 2020; 22: 2364-2372.

Am J Cancer Res 2025;15(12):5058-5083



