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According to the existing ideas, stress is a set of 
physiological and psychological reactions of the 
body to the factors that threaten its homeostasis. In 
other words, stress occurs when the action of ex-
ternal or internal factors exceeds the body’s ability 
to maintain balance. Under such conditions, a 
complex “stress system” is activated to mobilize re-
sources and restore the body’s physiological ba
lance. As a rule, short-term and moderate stress 
effects are adaptive, in particular, they train the re-
sponse system and increase its resistance. In 

contrast, severe or prolonged stress can exceed the 
body’s adaptation reserves and cause pathological 
changes in the functioning of organs and systems, 
worsening physical and mental health [1, 2].

In response to stressors, two major interconnect-
ed systems are activated in the body: the sympatho-
adrenal-medullary (SAM) axis and the hypotha-
lamic-pituitary-adrenal (HPA) axis. Their actions 
are coordinated by the structures of the central ner-
vous system that form a single integrative “stress 
network” [3]. Regardless of the type of signal, the 
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key point of integration is the paraventricular nu-
cleus of the hypothalamus, which activates the HPA 
response through the secretion of corticotropin-
releasing hormone (CRH) and vasopressin. These 
neuropeptides stimulate the anterior pituitary to 
produce adrenocorticotropic hormone (ACTH), 
which acts through the systemic bloodstream on 
the cells of the adrenal cortex and causes the secre-
tion of glucocorticoids, mainly cortisol [4].

Glucocorticoids bind to mineralocorticoid (MR) 
and glucocorticoid receptors (GR), which are ex-
pressed in many tissues of the body, including the 
brain, liver, skeletal muscle, and cardiovascular sys-
tem, as well as on immunocompetent cells. MRs 
have a high affinity for cortisol and are activated at 
basal concentrations, while GRs are less sensitive 
and are mainly activated at elevated hormone lev-
els, particularly during stress. GR activation pro-
vides both genomic and non-genomic effects of 
stressors, including rapid changes in cellular exci
tability, metabolism, and immune response [4]. In 
parallel with the HPA axis, the sympathetic branch 
of the autonomic nervous system is activated by 
stressors. Sympathetic preganglionic neurons via 
the spinal ganglia activate postganglionic nerves, as 
well as the chromaffin cells of the adrenal medulla. 
Pheochromocytes release adrenaline and noradren-
aline, which act on α- and β-adrenoreceptors locat-
ed on the cells of the cardiovascular system, bronchi, 
liver, etc. Their action provides the classic “stress re-
sponse”: increased heart rate, vasoconstriction, 
blood pressure, hyperglycemia, bronchial dilation, 
and mobilization of energy resources [3, 4].

In the case of chronic stress, these regulatory 
mechanisms can be disrupted. Prolonged exposure 
to high concentrations of glucocorticoids reduces 
the sensitivity of GR, a phenomenon known as glu-
cocorticoid resistance. This leads to excessive activa-
tion of the HPA axis, changes in gene expression, 
epigenetic modifications (e.g., hypermethylation of 
receptor or CRH gene promoters), and structural 
changes in the central nervous system, such as hip-
pocampal atrophy, amygdala hyperactivation, and 
functional disorganization of the prefrontal cor-
tex [4]. These changes underlie many systemic con-
sequences of chronic stress [3]. In particular, from 
the cardiovascular system, it is associated with hy-
pertension, atherosclerosis, and an increased risk of 
heart attacks [5]; from the metabolic side — with in-
sulin resistance, abdominal obesity, and impaired 

lipid metabolism [6]; from the immune system — 
with immunosuppression or, conversely, with chron-
ic inflammation [7]; from the nervous system — 
with anxiety and depressive disorders, memory and 
sleep disorders, and decreased adaptability and cog-
nitive control [8]. In the context of cancer, the above-
mentioned neuroendocrine and immune changes 
caused by stress acquire special importance. It has 
been shown that the occurrence and progression of 
malignant neoplasms largely depend on the influ-
ence of external factors, in particular, chronic stress. 
However, acute stress reactions are characterized by 
short-term effects and, in some cases, can even tem-
porarily strengthen individual links of immunity [9]. 
The action of chronic stress factors in cancer pa-
tients is involved in the modulation of the growth 
and progression of malignant neoplasms [10, 11]. It 
is the prolonged action of stress factors that is deci-
sive in the biology of the tumor cell and tumor mi-
croenvironment (TME), regulating immune re-
sponses, angiogenesis, metabolism, extracellular ma-
trix (ECM) remodeling, epithelial to mesenchymal 
transition (EMT), and sensitivity to therapy [10], 
and also correlates with a decrease in the overall and 
relapse-free survival of patients [11]. In this review, 
our attention is focused on highlighting the mecha-
nisms through which stress hormones affect the 
functional activity of TME immune components, 
modify the cytokine profile at the tumor and organ-
ism levels, stimulate angiogenesis and ECM remode
ling, modulate the processes of invasion and metas-
tasis, and cause changes in the metabolic pathways.

The impact of distress on the TME 
immune component

The immune component of the TME traditionally 
includes several immune cells with different origins 
and functional activity, including dendritic cells, 
lymphocytes, macrophages, myeloid suppressor 
cells, etc. It has been established that the effect of 
stress on cancer patients is accompanied by a sig-
nificant change in the TME immune cells’ popula-
tional composition and modulation of their func-
tional activity, which ultimately leads to the tumor 
escaping immune surveillance and causing long-
term immunosuppression [12].

The action of acute stress is accompanied by the 
rapid release of catecholamines, which activate 
β-adrenoreceptors on immune cells, consequently 
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reducing the effectiveness of the immune response 
by disrupting their functional activity [13]. At the 
same time, studies in in vivo and ex vivo systems 
have shown that chronic stress significantly changes 
the composition of the TME immune component. 
However, a common feature for the action of both 
acute and chronic stresses is, first of all, a decrease in 
the proportion of active cells involved in the effective 
elimination of malignantly transformed cells, against 
the background of an increase in the number of im-
munosuppressive cells in the tumor focus [14, 15]. 
In the following, we will consider the effect of stress 
factors on the main types of immune cells infiltrated 
into the TME in detail (Fig. 1).

Macrophages and monocytes. It has been estab-
lished that distress modulates the functional acti

vity of macrophages in the TME. Qin et al. [16] in 
the in vivo system of a 4T1 breast carcinoma model 
proved that chronic stress leads to M2 polarization 
of tumor-associated macrophages (TAMs) in the 
TME. It was shown that noradrenaline induces the 
secretion of neuropeptide Y (NPY) by malignantly 
transformed cells, which, in turn, acts as a che-
moattractant for macrophages and stimulates their 
production of pro-inflammatory cytokine IL-6. In 
an in vitro prostate cancer (PCa) model with Myc-
CaP cell transplants, as well as in transgenic Hi-
myc mice with spontaneously induced tumors, it 
was demonstrated that the enhanced recruitment 
of M2-polarized TAMs from the bone marrow to 
the TME and the increase in the IL-6 levels in the 
tumor tissue were caused by the sympathetic in-

Fig. 1. The effect of acute and chronic stress factors on the immune cells in TME
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nervation signal NPY under the influence of chro
nic stress factors. The inhibition of the transmis-
sion of this signal reduced the migratory activity of 
macrophages, decreased the number of TAMs in-
filtrated into the TME, and suppressed tumor 
growth. Similar effects were observed in ex vivo 
experiments: in the prostate tissue of patients with 
severe depressive symptoms, an increase in the 
density of CD68+ TAMs was recorded, as well as 
high levels of NPY and IL-6 expression compared 
to patients without signs of anxiety disorders [17].

Another mechanism by which stress disrupts the 
antitumor activity of TAMs is associated with the 
influence of glucocorticoids. In particular, these 
hormones cause an imbalance of the so-called “eat 
me” signaling receptors LRP1 and “don’t eat me” 
SIRPα, which are expressed on the membranes of 
macrophages and prevent them from effectively 
recognizing and engulfing malignantly trans-
formed cells. Modeling chronic unpredictable mild 
stress (CUMS) caused a decrease in the expression 
level of LRP1 on macrophage membranes due to 
GR-dependent inhibition of its transcription, and 
also led to the increased level of SIRPα, subse-
quently preventing the effective recognition and 
elimination of malignant cells. Restoring the ba
lance between LRP1 and SIRPα in in vitro experi-
ments by transfecting macrophages with artificial-
ly constructed LRP1 mini-receptors led to a de-
crease in SIRPα expression even under the influ- 
ence of cortisol. In addition, the introduction of 
miRNA-4695-3p into the medium normalized the 
level of SIRPα. The effectiveness of SIRPα level 
correction was confirmed in in vivo experiments in 
mice with xenografts of colorectal cancer cells 
HCT116 and breast cancer (BCa) cells MDA-
MB-231: the intraperitoneal administration of 
mini-receptors LRP1 or miRNA-4695-3p led to a 
decrease in TAMs levels, an increase in their phago-
cytic activity, and a slowdown in tumor growth [18].

Thus, stress signals both at the cellular and sys-
temic levels contribute to the accumulation of mac-
rophages and monocytes in the TME, which sup-
ports tumor growth, promotes chronic inflamma-
tion, and inhibits the activation of the immune 
response effector components.

Natural killer cells (NK-cells). NK-cells are the 
key effectors that play an important role in the de-
tection and destruction of malignantly trans-
formed and virus-infected cells. It has been proven 

that both acute and chronic stresses significantly 
affect their functional activity. On the one hand, in 
response to short-term stress, NK-cells are mobi-
lized into the peripheral blood. At the same time, 
an excessive activation of the sympathetic nervous 
system and the release of adrenaline and prosta-
glandins can quickly suppress their cytotoxic ef-
fect. Rourke et al. [13] showed that the surgical re-
moval of solid tumors, which was accompanied by 
the effect of stress on the body, led to a transient 
decrease in the level of NK-cells in the peripheral 
blood of patients and was associated with an in-
creased metastasis risk. Under the conditions of 
chronic stress, an activation of β-adrenoreceptors 
inhibits NK-cell cytotoxicity by reducing the ex-
pression of the key activation molecules on their 
surface. Due to the depression in the TME of he-
patocellular carcinoma, glucocorticoid-induced 
expression of PD-1 on NK-cells is determined. 
This leads to a decrease in their cytotoxicity, prob-
ably through activation of the PD-1/PD-L1 cas-
cade, and is associated with a high risk of liver can-
cer progression [19]. In patients with BCa who had 
a high level of psychological stress, a decrease in 
the cytotoxic activity of peripheral blood NK-cells 
against the K562 cells was recorded when they 
were co-cultured in vitro. This weakening of func-
tional activity correlated with changes in the ex-
pression of killer-cell immunoglobulin-like recep-
tors, in particular, with an increase in the level of 
CD94 and a decrease in the level of CD158b ex-
pression on the surface of their plasma mem-
branes [20]. In an in vivo system in mice, a surgical 
removal of B16F10.9 melanoma and Lewis lung 
carcinoma caused a stress response in mice, which 
was accompanied by an increase in corticosterone 
levels, a decrease in NK-cell cytotoxicity in the pe-
ripheral blood, a decrease in the expression of Fas 
ligand and CD11a on their surface, as well as a de-
crease in the number of circulating lymphocytes. 
The administration of the β-adrenergic blocker 
propranolol and the COX-2 inhibitor etodolac to 
mice before the surgical removal of experimental 
tumors reduced these immunosuppressive effects 
and contributed to the restoration of antitumor ac-
tivity of NK-cells, which in turn was accompanied 
by a significant improvement in the relapse-free 
survival of experimental animals [21]. 

Thus, stress mediators both in acute and chron-
ic stress conditions can suppress the functional 
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activity of NK-cells at the systemic level, which 
leads to a decrease in the efficiency of the innate 
immune response.

Mast cells (MCs). Several recent studies have 
shown that MCs are involved in the progression of 
solid tumors and act as modulators of the func-
tional activity of certain types of immune cells and 
non-cellular fibrous structures in the tumor 
TME [22—24]. At the same time, the mechanisms 
of the influence of stress factors on MCs in the 
TME have not yet been fully elucidated. Sitte et 
al. [25] demonstrated that the social distress in pa-
tients with pancreatic ductal adenocarcinoma cor-
relates with the decreased levels of MC infiltration 
in tumor tissue, which is supported by the results 
of studies in an in vivo system [26]. It has been 
proven that corticotropin-releasing hormone can 
activate brain MC, which is associated with an in-
creased risk of brain metastasis [27]. The above 
data are supported by the ability of MC to affect the 
blood-brain barrier during acute stress [28]. How-
ever, an activation of the parasympathetic nervous 
system also indirectly causes MC degranulation 
through the HPA-axis with the participation of cat-
echolamines [29]. Kurashima et al. [30] and Wang 
et al. [31] have shown that under stress, MCs re-
lease ATP-inducing ectonucleotidase, thus causing 
ATP hydrolysis and adenosine release, which con-
tributes to immunosuppression.

Therefore, even though the role of MC in both 
the emergence and progression of solid tumors un-
der conditions of distress has not been fully eluci-
dated, the data available in the literature indicate 
the active involvement of these immune cells in the 
processes of TME modulation under the influence 
of stress factors.

Dendritic cells (DCs). DCs play a key role in the 
activation of adaptive immunity by presenting tu-
mor antigens to T lymphocytes [32]. In an in vivo 
system on a mouse melanoma model, it was found 
that chronic stress inhibits DCs maturation, which 
is accompanied by a decrease in their ability to ef-
fectively present antigens, contributes to a weaken-
ing of the antitumor response, and also correlates 
with resistance to immunotherapy [33]. Activation 
of glucocorticoid receptors on DCs at the tran-
scriptional level suppresses the expression of IL-2 
and IL-12 involved in DCs activation [34]. Ma-
tyszak et al. [35] showed that the use of a synthetic 
analog of cortisol—dexamethasone in the early 

stages of DCs maturation weakens their ability to 
stimulate a Th1 response, reducing the production 
of interferon-γ (IFNγ) and increasing the level of 
the immunosuppressive T-regulatory cells (T-reg), 
the main mediator of which is IL-10. 

As a result of these disorders, under the influ-
ence of stress factors, the presentation of tumor an-
tigens by DCs is suppressed, which contributes to 
the weakening of immune control in the TME.

T-lymphocytes. One of the key roles in the for-
mation of an effective antitumor immune response 
is played by T-cells. Cytotoxic CD8+ T-lymphocytes 
directly destroy malignantly transformed cells, 
while CD4+ T-helpers coordinate the activity of the 
immune system. At the same time, T-reg cells lim-
it excessive activation of immunity, but in the con-
ditions of the TME, their immunosuppressive ef-
fect contributes to the avoidance of immune sur-
veillance [36, 37]. It has been shown that chronic 
stress leads to a shift in the balance of T-cell sub-
populations toward the immunosuppressive link. 
In particular, after activation of β2-adrenoreceptors 
(β2-AR) on immune cells, a decrease in the num-
ber of effector CD8+ T-lymphocytes is observed in 
the tumor focus against the background of a simul-
taneous increase in the population of T-regs [38]. 
At the same time, many works have shown that un-
der the influence of acute stress, the number of 
T‑regs decreases. In particular, in the spleen of 
mice with 4T1 mammary adenocarcinoma under 
conditions of acute repetitive restraint stress 
(aRRS), a decrease in the proportion of FoxP3+ 
Treg was recorded, and as a result, an increase in 
the relative number of CD8+ T-cells [39]. It has 
been proven that adrenergic signaling from β2-AR 
directly inhibits the activation and proliferation of 
cytotoxic T-lymphocytes. In the Eµ-myc B-cell 
lymphoma model, it was shown that prolonged ac-
tivation of β2-AR using isoprenaline led to a de-
crease in the IFNγ production and cytolytic activ-
ity of CD8+ T cells in the blood of experimental 
animals [40]. It was found that prolonged exposure 
to dexamethasone on circulating CD8+ T-lympho-
cytes of humans and mice in an in vitro system led 
to the formation of a dysfunctional phenotype 
characterized by high expression of immune check-
point molecules PD-1, TIM-3, and LAG-3, de-
creased production of pro-inflammatory cytokines 
IL-2, TNF-α, and IFN-γ, and increased secretion 
of immunosuppressive IL-10. These phenotypic 
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changes in lymphocytes were observed in an in 
vivo experiment in mice with B16F10 melanoma 
and in patients with colorectal cancer, where glu-
cocorticoid signaling activity correlated with re-
duced effector potential of CD8+ T-cells [41]. Geng 
et al. [42] in an in vivo system on a lung adenocar-
cinoma model found that noradrenaline, acting on 
tumor cells, increases their secretion of immuno-
suppressive factors (CXCL9 and adenosine), which 
complicates the chemotaxis of CD8+ T-cells to the 
TME and contributes to the resistance to anti-PD-1 
therapy. In the 4T1 mammary adenocarcinoma 
model, it was found that chronic social isolation of 
mice is accompanied by a significant decrease in 
the number of CD8+ T cells in the spleen and acti-
vated CD3+CD69+ T-lymphocytes, which was as-
sociated with a decrease in animal survival 
rates [39]. It has been shown that activation of 
β2‑AR on the surface of T-regs causes an increase 
in their immunosuppressive function, which is im-
plemented through the cAMP/PKA cascade, an in-
crease in the CTLA-4 expression, and a decrease in 
the IL-2 mRNA levels of CD4+ T-cells. At the same 
time, an increase in the conversion of CD4+Foxp3– 
cells into Foxp3+ induced T-regs was observed [43]. 
Also, blocking β-adrenergic receptors with pro-
pranolol in the conditions of modeling chronic ad-
renergic stress on transplanted melanoma (B16-
OVA) and colorectal cancer (CT26.CL25) in the in 
vivo system can partially restore normal activation 
and metabolism of T-lymphocytes and increase the 
effectiveness of antitumor immunotherapy [44]. 

Thus, chronic stress causes depletion of the pool 
of cytotoxic T-lymphocytes, increases the immu-
nosuppressive effect of T-regs, and reduces the ef-
fectiveness of the antitumor immune response.

Myeloid-derived suppressor cells (MDSCs). 
Acute and chronic stress can modify the function-
al activity of MDSCs, which play an important role 
in the formation of an immunosuppressive TME. 
Thus, Kume et al. [45] found that stress in mice 
caused by the removal of experimental tumors is 
accompanied by a significant increase in the num-
ber of MDSCs in the TME of renal cell carcinoma. 
Studies on in vitro and in vivo models have shown 
that in the context of chronic stress, adrenergic sig-
naling plays a key role, causing the activation and 
accumulation of MDSCs in the TME with high 
proliferative activity [46]. In vivo experiments on a 
4T1 BCa model have shown that increased serum 

norepinephrine levels and increased tyrosine hy-
droxylase expression in the bone marrow of mice, 
as a result of chronic stress, activate the IL-6/JAK/
STAT3 signaling pathway. This promotes the accu-
mulation of MDSCs in the spleen, bone marrow, 
peripheral blood, and lungs of experimental ani-
mals, and also increases the incidence of metastasis 
of this tumor to the lungs. At the same time, phar-
macological blockade of β2-AR with propranolol 
suppressed these effects, reducing the number of 
MDSCs in the blood and lungs and reducing the 
incidence of pulmonary metastases in mice that 
were injected with tumor cells after stress expo-
sure [47]. In a study by Cao et al. [48] using the 
H22 hepatocellular carcinoma model, it was shown 
that chronic stress induced by immobilization of 
animals stimulates the release of MDSCs from the 
bone marrow and their migration to the spleen and 
TME. It should be noted that these processes are 
accompanied by an increase in the expression of 
the chemokine receptor CXCR2 and the activation 
of the MAPK/Erk signaling cascade in MDSCs, as 
well as the induction of the ligand CXCL5 expres-
sion in tumor tissue. 

Thus, stress hormones not only promote the mi-
gration of MDSCs to the site of tumor growth but 
also enhance their immunosuppressive function, 
creating favorable conditions for tumor progression.

The effect of stress on the cytokine profile. Stress 
factors significantly affect the cytokine profile of 
both innate and adaptive immune cells, contribut-
ing to immunosuppression and chronic inflamma-
tion. Norepinephrine induces the secretion of pro-
inflammatory IL-6 in macrophages [17] and sig-
nificantly increases the levels of IL-6 and IL-8 in 
human melanoma cells [49], due to the activation 
of the IL-6/JAK/STAT3 signaling pathway in the 
TME during chronic stress [47]. In the serum of 
BCa patients with signs of depression, prolonged 
elevations of the proinflammatory cytokines 
TNF-α and IL-1β have been recorded [50]. Activa-
tion of β2-AR with isoprenaline or other agonists 
leads to inhibition of IFN-γ production [40], re-
duces the level of IL-2 in CD4+ T cells [43], and 
enhances the immunosuppressive function of 
T‑regulatory cells. Similarly, dexamethasone reduc-
es IFN-γ production and promotes an increase in 
IL-10 levels, while the activation of glucocorticoid 
receptors leads to inhibition of IL-2 and IL-12 gene 
transcription in DCs at early stages of their matura-
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tion [34, 35]. Long-term exposure to dexametha-
sone induces a dysfunctional phenotype of CD8+ T 
lymphocytes, which is accompanied by a decrease 
in the production of IL-2, TNF-α, and IFN-γ and 
an increase in the secretion of IL-10 [41].

Accumulated experimental and clinical data in-
dicate that the action of stress mediators, such as 
catecholamines and glucocorticoids, significantly 
changes the cytokine profile of the TME, contribut-
ing to a shift toward immunosuppression. These 
changes are realized through the inhibition of the 
synthesis of key pro-inflammatory cytokines (IL-2, 
F-α, and IFN-γ), responsible for the activation of 
the antitumor immune response, and an increase 
in the production of immunosuppressive mole-
cules, in particular IL-10. Stress hormones can also 
induce increased expression of immunosuppressive 
factors, such as CXCL9, adenosine, and CTLA-4, 
and activate signaling pathways such as IL-6/JAK/
STAT3, which contribute to the formation of a tol-
erant, chronic inflammatory environment favor-
able for tumor progression. 

Thus, chronic stress acts as a potent immuno-
modulatory factor that can reduce the effectiveness 

of natural and therapeutically induced antitumor 
immune responses.

Stress-induced rearrangements  
in the stroma of neoplasms

The stromal component of the TME is a function-
ally active network that includes fibroblasts, endo-
thelial and mesenchymal cells, as well as a dense 
meshwork of ECM. In the interaction with trans-
formed cells, these elements create a complex sig-
naling ecosystem that supports tumor growth, pro-
motes its invasion, remodels tissue architecture, 
and ensures the development of vasculariza-
tion [51, 52]. In response to systemic factors, in-
cluding stress hormones, the stroma undergoes 
phenotypic changes that are accompanied by the 
activation of angio- and lymphangiogenesis, chang-
es in the structure of the ECM, and increased cel-
lular plasticity. Such a restructuring of the TME not 
only contributes to the progression of the tumor 
process but also creates the prerequisites for metas-
tasis, in particular through forming new vascular 
networks and facilitating the migration of tumor 
cells (Fig. 2) [37, 53, 54].

Fig. 2. Effects of distress on the formation of metastatic potential of neoplasms
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Cancer-associated fibroblasts (CAFs). CAFs are 
the key cellular elements of the stromal component 
of the TME, playing a leading role in the secretion 
of growth factors, remodeling of the ECM, and 
maintaining the vital activity of malignantly trans-
formed cells [55, 56]. It has been shown that the 
chronic activation of the adrenergic signaling sys-
tem promotes the transformation of normal fibro-
blasts into CAF with pronounced protumoral prop-
erties. In particular, it has been demonstrated that 
the activation of α2-AR located on fibroblast mem-
branes using the agonist clonidine in vitro pro-
motes the proliferation of these cells and stimulates 
the secretion of transforming growth factor β 
(TGF-β), which, in turn, induces polarization of 
myofibroblasts into CAF and causes intensification 
of angiogenesis processes in the TME [10].

In addition, the activation of β-adrenoceptors on 
the surface of CAF stimulates the synthesis of col-
lagen and other ECM components, as a result of 
which the tumor stroma acquires greater density 
and signs of fibrosis. In a study by Nagaraja et 
al. [57], when simulating chronic stress by daily 
physical immobilization of experimental animals 
with ovarian cancer Skov3-ip1, HeyA8, or ID8-ip,  
a significant increase in the number of CAF in the 
tumor tissue was recorded, characterized by the ex-
pression of α-SMA, as well as an increase in the 
level of collagen expression. The increase in colla-
gen formation was dependent on the β2-AR — 
CREB — INHBA (inhibin βA) signaling cascade: 
INHBA expression in tumor cells increased under 
the influence of norepinephrine, which caused the 
activation of CAF through the ACVR2b receptor 
and a Smad2/3-dependent mechanism. A blockade 
of β2-AR with propranolol, inhibition of INHBA 
or ACVR2b resulted in a significant reduction in 
both the number of CAF and the level of collagen 
deposition in the tumor focus. 

The data presented indicate that stress mediators 
significantly change the functional activity of fibro-
blasts, providing support for the growth of tumors 
and their progression. Activated CAFs serve as a 
source of proangiogenic and immunosuppressive 
factors, and the changes in the ECM structure that 
they initiate create a favorable environment for tu-
mor invasion and metastasis.

Changes in ECM composition under stress con-
ditions. The TME includes not only cellular ele-
ments but also the ECM, which plays a key role in 

ensuring the structural integrity of the tissue and 
signaling between cells [58]. In addition to the 
ECM, proteins involved in tumor stroma remo
deling processes should also be considered sepa-
rately in the context of the stromal component of 
the TME in solid tumors [59]. It has been proven 
to date that stress hormones can modify the ECM 
in two ways: through direct activation of CAFs 
and by modulating signaling pathways in trans-
formed cells.

Chronic adrenergic stimulation activates the β2-
AR–cAMP–PKA signaling pathway in PCa cells, 
leading to the focal adhesion kinase (FAK) phos-
phorylation and activation of metalloproteinases 
MMP-2 and MMP-9. In the Hi-myc transgenic 
mouse model, as well as in orthotopic models in 
BALB/c nude mice inoculated with PC-3 or 22Rv1 
PCa cells under chronic unpredictable stress 
(CUMS), significant ECM remodeling was ob-
served: collagen and laminin degradation, fiber 
compaction, and alignment were observed. As a re-
sult, directional “pathways” were formed that fa-
cilitate tumor cell migration and promote their in-
vasion into surrounding tissues [60].

Studies show that under stress, tumors often 
have a loose, degraded matrix with radially orient-
ed collagen fibers, a structure that facilitates inva-
sion and cell migration beyond the primary tumor. 
The elevated levels of catecholamines activate the 
production of lysyl oxidase (LOX) and other en-
zymes that contribute to collagen crosslinking and 
the formation of a stiffer ECM CAF. When model-
ing chronic stress using estrogen-sensitive BCa 
(MCF-7) implanted in immunodeficient BALB/c 
nu/nu mice, an increase in LOX2 and SDF-1 ex-
pression in CAF was recorded, which contributed 
to tumor growth and enhanced invasive activity of 
neoplastic cells [56].

The effect of stress on angiogenesis  
and the metastatic potential of tumors

One of the most significant consequences of stress 
for the TME is the increased neovascularization. 
An increase in the density of the vascular network 
in combination with changes in adhesive properties 
and invasive activity leads to cell motility altera-
tion, which directly affects the processes of metas-
tasis. Under the influence of catecholamines, which 
interact with β-AR on endothelial and malignantly 
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expression of histone deacetylase 2 (HDAC2) in 
PCa xenograft tissue in vivo. This enzyme epige-
netically represses the transcription of thrombos-
pondin-1 (TSP1), a potent inhibitor of angiogene-
sis. At the same time, Lu et al. [66] demonstrated 
that the activation of the PlexinA1/VEGFR2-JAK2-
STAT3 signaling cascade promotes angiogenesis 
under conditions of β2-AR stimulation. In mice 
with gastric cancer tumors (MGC803), isoprena-
line injections increased the expression of VEGF, 
PlexinA1, and VEGFR2 and caused JAK2/STAT3 
activation, which was accompanied by enhanced 
angiogenic activity. Blocking PlexinA1 suppressed 
these effects, indicating a key role of this pathway 
in mediating stress-induced angiogenesis. Zhou  
et al. [67] reported that β2-AR stimulation causes 
inhibition of PPARγ expression in BCa cells, which 
promotes VEGF/FGF2-mediated angiogenesis. An 
in vivo study using 4T1 BCa tumors in socially iso-
lated animals demonstrated an increase in the vas-
cular density and levels of angiogenic factors, while 
β2-AR blockade or PPARγ activation abolished 
these effects.

Chronic stress can also promote lymphangio-
genesis in the TME by increasing COX-2 expres-
sion in the TAM, which stimulates VEGF-C-de-
pendent de novo lymphatic vessel formation. In an 
orthotopic human BCa model generated by trans-
plantation of human BCa cell line MDA-MB-231 
into BALB/c nu/nu mice, daily immobilization for 
three weeks resulted in increased lymphatic vessel 
density in intratumoral and peritumoral zones and 
enhanced lymphogenic metastasis. These effects 
were reversed by the pharmacological blockade of 
COX-2 or β2-AR [68].

Stress factors can also enhance the invasive and 
metastatic properties of tumor cells by inducing 
EMT. Kume et al. [45] demonstrated that postop-
erative stress is associated with an increase in the 
number of circulating MDSCs and their increased 
secretion of TGF-β1, VEGF, and IL-10, which pro-
motes EMT and lung metastasis. Furthermore, it 
was shown that norepinephrine directly activates 
EMT in gastric adenocarcinoma cell lines BGC-823 
and SGC-7901 by reducing E-cadherin expression 
and increasing vimentin, HIF-1α, and Snail levels. 
These effects were realized through the activation 
of β2-AR and the TGF-β/Smad3/Snail and HIF-1α/
Snail signaling cascades, which indicates the poten-
tial role of adrenergic stimulation in triggering 

transformed cells, the release of proangiogenic fac-
tors is activated. In particular, noradrenaline trig-
gers signaling pathways that stimulate the proli
feration and migration of endothelial cells and their 
secretion of VEGF [53]. In vivo experiments using 
ovarian and lung carcinoma models, an increase in 
the expression of proangiogenic molecules such as 
VEGF, MMP-2, and MMP-9 was noted in the tu-
mor tissue of animals in a state of distress and cor-
related with the volume and weight of tumors, as 
well as the number of distant metastases  [61], 
which was accompanied by an increase in the den-
sity of the vascular network in tumors [62]. Similar 
results were observed in nasopharyngeal carcino-
ma cells of the HONE-1, HNE-1, and CNE-1 lines, 
where norepinephrine dose-dependently increased 
the production of VEGF, MMP-2, and MMP-9, as 
well as the invasiveness and angiogenic activity of 
tumor cells. These effects were neutralized by pro-
pranolol and MMP inhibitors, confirming the in-
volvement of β-adrenergic signaling in neovascu-
larization, invasion, and metastasis [63]. Budiu et 
al. [39] showed in an in vivo experimental model 
of 4T1 BCa that both chronic stress (social isola-
tion) and acute stress (short-term physical re-
straint) promote angiogenesis: an increased expres-
sion of the endothelial marker CD31 was recorded 
in tumor tissue and lung metastases. This was ac-
companied by an increase in the microvessel den-
sity, remodeling of the tumor vascular network, 
and a decrease in animal survival rates. In a study 
on MC3T3-E1 osteoblasts and primary isolated hu-
man osteoblasts, it was shown that the stimulation 
of β2-AR with isoprenaline, which mimics sympa-
thetic activation during chronic stress, induces 
HIF-1α expression and secretion of the chemokine 
CXCL12. When co-cultivating osteoblasts with hu-
man PC-3 and DU-145 PCa cells, the authors of [64] 
noted a significant increase in the migratory poten-
tial of malignantly transformed cells, their invasive 
activity, and the expression of EMT markers. The 
use of inhibitors of β2-AR (ICI118,551), HIF-1α 
(YC-1), or CXCR4 (LY2510924) abolished these ef-
fects, suggesting a critical role for the β2-AR–HIF-
1α–CXCL12/CXCR4 signaling cascade in stimulat-
ing the metastatic potential of PCa under the influ-
ence of sympathetic activation caused by chronic 
stress. Hulsurkar et al. [65] showed that chronic 
behavioral stress activates CREB through 
β-adrenergic signaling, which, in turn, induces the 
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EMT [69, 70]. As a result, the cells lose adhesive 
properties, acquire high motility and resistance to 
anoikis, facilitating their dissemination in the pri-
mary tumor and exit into the bloodstream. 

Chronic stress is associated with a more aggres-
sive clinical course of malignant neoplasms. Tian 
et al. showed that patients with depression are more 
likely to have metastases and recurrences of some 
tumors, including BCa, PCa, and lung carcinoma, 
which confirms the role of stress in the regulation 
of EMT [11]. It is important to note that acute 
stress in real-life conditions often overlaps with 
chronic stress and immune depletion, so its contri-
bution is difficult to assess separately. However, 
current data demonstrate that even short-term 
stress responses can “wake up” tumor cells, acce
lerating the transition from a dormant state to ac-
tive growth and spread throughout the body [71].

Metabolic and physicochemical 
adaptation of the TME to stress

Chronic stress significantly affects the organization 
of metabolic cascades in the TME, which contri
butes to the disruption of energy metabolism in 
both tumor and immune cells. In particular, it has 
been shown that activation of β2-AR on the surface 
of BCa cells causes a switch in their energy metab-
olism from oxidative phosphorylation to aerobic 
glycolysis (the Warburg effect), which was accom-
panied by an increase in the expression of glyco-
lytic enzymes (in particular, lactate dehydrogenase 
A) and the accumulation of lactate in the TME. The 
acidic environment formed due to an excess of lac-
tate enhances the invasive potential of tumor cells 
and the immunosuppressive activity of MDSCs and 
T-regs. In addition, under such conditions, the sta-
bility of the MYC oncogene in malignant cells is 
maintained, leading to the activation of the tran-
scription factor Slug, promoting EMT and enhanc-
ing the expression of genes associated with the 
stemness properties of transformed cells [72].

In cells of the immune system, stress signals in-
terfere with normal metabolism. In particular, 
studies in recent years have shown that in T lym-
phocytes, chronic stress reduces mitochondrial ac-
tivity, causing “metabolic exhaustion” [44]. At the 
same time, in MDSCs, stress activates NRF2-de-
pendent antioxidant pathways, which makes these 
cells metabolically resilient (in particular, resistant 

to oxidative stress) and allows them to maintain 
functional activity even under aggressive TME 
conditions [73]. At the same time, β-adrenergic sig-
nals have been shown to inhibit oxidative phos-
phorylation in endothelial cells, promoting angio-
genesis in a mouse model of PCa [74].

Chronic stress increases the levels of reactive ox-
ygen species (ROS) in the TME, including super-
oxide anion (O₂•–), hydrogen peroxide (H₂O₂), and 
hydroxyl radicals (OH•), which damage DNA, pro-
teins, and lipids of tumor cells and play a signaling 
role in key biological processes, including tumor 
progression, proliferation, angiogenesis, metastasis, 
and chemoresistance. Oxidative stress is closely as-
sociated with inflammatory processes. Aboelella  
et al. [73] reported that macrophages and leuko-
cytes in the TME produce ROS via NADPH oxi-
dase (NOX), which enhances non-selective cell 
damage in the inflammatory focus.

The accumulation of ROS in the TME also serves 
as a signal that activates the pro-oncogenic factors 
NF-κB and HIF-1α (Fig. 3). This leads to increased 
expression of genes encoding immune checkpoints 
(CTLA-4, PD-L1), growth factors (TGF-α, VEGF), 
and metabolic enzymes (IDO), which contributes 
to increased immunosuppression and angiogene-
sis [75]. ROS are involved in the initiation of EMT 
and metastasis through the activation of MMPs, 
which degrade ECM components.

High levels of ROS in the TME induce T-cell 
apoptosis through increased Fas expression and 
decreased Bcl-2, which reduces the effectiveness 
of the antitumor immune response. They also 
suppress the functional activity of T- and NK-cells 
by blocking NF-κB and reducing the production 
of IFN-γ, TNF-α, and IL-2. Against this back-
ground, MDSCs remain resistant to oxidative 
stress due to the activation of NRF2-mediated an-
tioxidant mechanisms. They not only remain vi-
able under oxidative stress conditions but also use 
ROS as a “weapon”, releasing H₂O₂ and other free 
radicals to suppress the functional activity of cy-
totoxic effector cells of the innate and adaptive 
immune systems. However, a decrease in NOX2 
activity or neutralization of H₂O₂ by catalase pro-
motes the transformation of MDSCs into macro-
phages, which leads to the loss of their immuno-
suppressive activity [73].

Thus, stress triggers a vicious cycle where oxida-
tive stress and inflammation mutually reinforce 
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each other, leading to the formation of a metabolic 
environment favorable for tumor progression, with 
suppression of the immune response, tissue dam-
age, and subsequent recruitment of inflammatory 
cells to the TME.

The modulatory role of stress  
in the formation of the intestinal  
and tumor microbiome

The effect of stress factors is also directly associated 
with changes in the composition of the body’s mi-
crobiome, including intestinal and tumor micro-
flora [76]. The intratumoral microbiome — a col-
lection of microorganisms in tumor tissue — has 
been identified in several solid tumors. The studies 
of the last decade prove that the tumor microbiome 
plays a significant role in the modulation of the 
TME, immune response, and the effectiveness of 
therapy [77, 78]. It has been shown that acute stress 
can indirectly affect the intratumoral microbiome 
through increased intestinal permeability and the 
systemic effects of stress mediators. This creates 
conditions for bacterial translocation into the 
bloodstream and potentially to the TME, especial-
ly under weakened barrier conditions (e.g., postop-
erative or pain stress) [79]. Niu et al. [80] demon-
strated in an in vitro system that norepinephrine 
and epinephrine, which are released during acute 
stress, stimulate the growth of enterotoxigenic 
Escherichia coli and increase biofilm formation and 

expression of virulence genes (estA, estB, elt). Such 
microorganisms can colonize tumor tissue under 
stress conditions. Although direct data on changes 
in the intratumoral microbiota during acute stress 
are lacking, the described mechanisms suggest its 
potential role in shaping the pathological profile of 
the TME.

However, chronic stress causes dysbiosis of the in-
testinal microflora and TME, affecting the microor-
ganisms’ survival, growth, and metabolism [81]. It 
has been proven that both glucocorticoids and cat-
echolamines enhance the rate of reproduction and 
virulence of pathogenic bacteria [80] and at the same 
time suppress the normobiota, in particular Lacto-
bacillus and Bifidobacterium [81, 82]. It has been 
shown that the microbiota of tumor tissue of human 
colorectal cancer transplants of the HCT116 line in 
experimental animals under conditions of chronic 
immobilization stress was characterized by an in-
crease in the proportion of representatives of the Ru-
minococcaceae_UCG-014 strain, which was accom-
panied by an increase in the levels of IL-6, adrena-
line, noradrenalineand, and TNF-α in the TME [83]. 
At the same time, modulation of chronic psycho-
logical stress caused an intensification of purine me-
tabolism in the intestinal epithelium in experimental 
animals, which led to a decrease in the availability of 
guanine, a substrate for Bifidobacterium animalis. As 
a result, researchers recorded a decrease in the num-
ber of Bifidobacteria in the colon, while oleic acid 
accumulated in the feces and serum of animals, 

Fig. 3. Effects of stress on the metabolism and physicochemical conditions in the TME
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which in the tumor focus enhanced the metastatic 
activity of malignant cells [82].

Psychological distress and comorbid depression 
in patients with BCa are associated with a worse 
prognosis. In particular, Ye et al. [84] showed that 
chronic cold stress in BALB/c mice with trans-
planted 4T1 tumors led to a significant decrease 
in the number of representatives of the Blautia ge-
nus in the intestine, accompanied by a decrease in 
the level of acetate in the tumor, which is neces-
sary to maintain the activity of CD8+ T cells. In 
in vivo experiments, the authors observed a re-
duced level of TME infiltration by cytotoxic T 
lymphocytes, a decrease in IFN-γ production, and 
accelerated tumor growth with active metastasis. 
Similar effects were also observed in an ex vivo 
study, where women with comorbid depression 
had lower serum acetate levels, a reduced number 
of CD8+ T lymphocytes in tumor tissue, and a 
higher incidence of metastasis.

Thus, stress factors affect the intratumoral micro-
biome, causing changes in its composition and met-
abolic activity. Under stress conditions, a decrease in 
the number of symbiotic bacteria and an increase in 
pathobionts in tumor tissue are observed, which is 
accompanied by the formation of an immunosup-
pressive TME and cancer progression.

Conclusions

The accumulated experimental and clinical data 
convincingly indicate that both acute and especial-
ly chronic stress radically modify the TME, con-
tributing to the progression of malignant neo-
plasms. Through the activation of the HPA axis and 
the sympathetic nervous system, stress mediators 
change the cellular composition of the TME, in-
duce immunosuppression, angiogenesis, EMT, 
ECM remodeling, and metabolic and oxidative dis-

orders. These changes create a favorable environ-
ment for the survival and spread of tumor cells.

It is especially important that these effects are not 
limited to one component of the TME, but are sys-
temic: they disrupt both the functional activity of im-
mune cells, signaling, and metabolic pathways and the 
molecular biological characteristics of the TME itself. 
This allows us to consider stress as one of the key fac-
tors determining the course of cancer, regardless of 
the stage or histological type of the tumor.

In the context of clinical oncology, these findings 
are of practical importance. On the one hand, they 
emphasize the need for in-depth study of neurohu-
moral mechanisms of TME regulation, and on the 
other hand, they justify the feasibility of integrating 
psychological support, pharmacological blockade 
of stress-induced signaling pathways, or other 
stress control strategies into the overall manage-
ment plan for cancer patients.

Thus, future research should focus on:
•  the molecular interaction between stress me-

diators and TME cells;
•  search for stress-induced molecular biological 

markers;
•  development of combined therapeutic ap-

proaches that include not only tumor targeting but 
also neutralization of the adverse effects of stress.

This opens the way to personalized, comprehen-
sive, and holistic care for patients, taking into ac-
count not only biological but also psycho-emotion-
al factors of the disease.
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СТРЕС-ІНДУКОВАНА МОДУЛЯЦІЯ ПУХЛИННОГО  
МІКРООТОЧЕННЯ: МЕХАНІЗМИ ТА НАСЛІДКИ  
ДЛЯ ПРОГРЕСУВАННЯ РАКУ

Хронічний стрес є одним із ключових екзогенних факторів, що можуть суттєво впливати на біологію пухлинних 
клітин шляхом порушення регуляції пухлинного мікрооточення (ПМО), сприяючи таким чином маніфестації 
пухлинного процесу. Активація гіпоталамо-гіпофізарно-наднирникової осі та симпатичної нервової системи, 
індукована стресовими чинниками, призводить до секреції глюкокортикоїдів і катехоламінів, які сприяють де-
регуляції компонентів мікрооточення, що визначають агресивність злоякісних новоутворень. У цьому огляді 
систематизовано сучасні уявлення щодо впливу сигналів, індукованих стресом, на імунні, стромальні, судинні 
та метаболічні компоненти ПМО та проаналізовано їхній внесок у формування агресивного фенотипу пухли-
ни. Особлива увага приділяється взаємозв’язку нейрогуморального стресу, кишкового та внутрішньопухлин-
ного мікробіому, які формують складне мережеве середовище, що підтримує прогресію пухлини. Поглиблення 
розуміння молекулярних взаємодій між медіаторами стресу та клітинними елементами ПМО створить під-
ґрунтя для розробки інноваційних терапевтичних стратегій, спрямованих не лише на саму пухлину, а й на 
мінімізацію несприятливого впливу стресу на окремі компоненти пухлинного мікрооточення.
Ключові слова: стрес, пухлинне мікрооточення, пухлинна прогресія.


