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ABSTRACT

Objectives: This study aimed to explore the interaction between perceived stress, life satisfaction, heart rate
variability (HRV), and immune-inflammatory markers in bladder cancer patients. We investigated how HRV
moderates the relationship between psychological distress and levels of TNF-o and TGF-p cytokines. We hy-
pothesized that high vagal nerve activity, as indicated by higher HRV, mitigates the impact of perceived stress
and life dissatisfaction on inflammation.

Methods: The study included 73 patients with bladder cancer. HRV was determined from a 5-min ECG recording,
focusing on the standard deviation of normal-to-normal interbeat intervals (SDNN). Psychological distress was
measured using the Perceived Stress Scale (PSS), and life satisfaction was evaluated with the Life Satisfaction
Questionnaire (LSQ). Serum concentrations of TNF-a and plasma levels of TGF-f were determined using sand-
wich ELISA.

Results: We found evidence that HRV modulates the relation between perceived stress and inflammation. In
patients with low HRV (SDNN <20 ms), PSS was positively correlated with serum level of TNF-a and negatively
with the level of TGF-p, while life satisfaction was positively correlated with TGF-f. These relationships were not
significant in patients with high HRV (SDNN >20 ms).

Conclusion: Our findings suggest that high vagal activity, as indicated by higher HRV, may mitigate the adverse
effects of psychological distress on immune-inflammatory responses in patients with bladder cancer. Stress-
related inflammation took place under conditions of low HRV, highlighting the potential role of autonomic
regulation in cancer prognosis. Future research should further explore these relationships to develop in-
terventions aimed at improving patient outcomes through stress management and enhanced vagal nerve activity
to regulate inflammation in cancer.

1. Introduction

glucocorticoids from the adrenal cortex. These stress hormones can
promote tumorigenesis and cancer development through various

Stress is an inevitable part of life and one of the fundamental survival
mechanisms. However, chronic stress is accompanied by a broad spec-
trum of negative impacts on the brain, neuroendocrine system, immu-
nity, inflammation, and various organ systems (Arnsten et al., 2015).
Activation of the hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic nervous system (SNS) by chronic stress leads to the decline
and dysfunction of the prefrontal cortex and hippocampus (Arnsten
et al., 2015). After activation, the SNS releases catecholamines,
including epinephrine and norepinephrine, via sympathetic nerve fibers
and the adrenal medulla, while the HPA axis increases the release of
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mechanisms (Wang et al., 2022). Catecholamines and glucocorticoids
accelerate tumorigenesis by promoting DNA damage, gene mutations,
and preventing tumour cells from undergoing autophagy and apoptosis
(Wang et al., 2022; Flint and Bovbjerg, 2012; Roy et al., 2018; Zhang
et al., 2019).

The prolonged release of glucocorticoids, with their inhibitory ef-
fects on multiple types of immune cells during chronic stress, can
attenuate the activity of anti-tumour Thl immunity, the activation of
regulatory T cells, and the production of myeloid-derived suppressor
cells, which can lead to the long-lasting release of proinflammatory
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cytokines, resulting in the development of chronic low-grade inflam-
mation (Cain and Cidlowski, 2017; Kluckova et al., 2020). Both
decreased adaptive cell-mediated immunity and increased inflammation
have pro-tumorigenic effects (Cain and Cidlowski, 2017; Dai et al.,
2020; Hanahan, 2022; Kluckova et al., 2020).

The inflammatory process plays a role in all phases of tumorigenesis -
initiation, promotion, and progression - and immune cells and mediators
can contribute to tumour growth during chronic inflammation (Balkwill
and Mantovani, 2001; Yao et al., 2019). Proinflammatory cytokines,
such as TNF, IL-1, and IL-6, can also activate the release of glucocorti-
coids, forming a second loop of HPA axis activation through cytokines
(Dunn, 2000).

Moreover, in cancer patients, various psychological stressors, such as
being informed of a cancer diagnosis, undergoing surgery, the presence
of malignant tissue, and related inflammation, can trigger stress re-
sponses. These processes, along with anxiety, depression, and rumina-
tion about cancer, are perceived and processed by the central nervous
system (CNS), which could further potentiate the stress response,
inflammation, and decreased adaptive immunity, thus potentiating
carcinogenesis (Eckerling et al., 2021; Menard et al., 2017; Cai et al.,
2024).

Concerning inflammation, most research considers tumour necrosis
factor alpha (TNF-a) as primarily a pro-inflammatory cytokine
(Haapakoski et al., 2015; Tylutka et al., 2024), and transforming growth
factor beta (TGF-) as a cytokine with potent immunosuppressive (and
indirectly anti-inflammatory) activities (Yoshimura et al., 2010). TGF-
downregulates Th1 cell-mediated immunity, depressing the activity of T
helper and cytotoxic lymphocytes, natural killer (NK) cells, and mac-
rophages. Macrophages with attenuated Th1-driven activation exhibit
reduced antimicrobial and anti-tumour activity, along with a decreased
capacity to produce proinflammatory cytokines (Yoshimura et al., 2010;
Stolfi et al., 2020). Moreover, TGF-p increases the differentiation of
anti-inflammatory M2 macrophages, which have immunosuppressive
activity (Stolfi et al., 2020). Recent studies have revealed roles for TGF-f
in tumour immune evasion (Tauriello et al., 2022). TGF-f released by
cancer cells, stromal fibroblasts, and other cells in the tumour micro-
environment creates an immunosuppressive environment that further
promotes cancer progression and metastasis while preventing or atten-
uating the efficacy of anticancer immunotherapies (David and Mas-
sagué, 2018; Derynck et al., 2021; Pickup et al., 2017).

In our study, TNF-a was chosen as a pro-inflammatory cytokine and
TGF-f as an immunosuppressive and anti-inflammatory cytokine, both
of which play roles in tumour progression and immune regulation. TNF-
a, initially identified for its properties of inducing tumour necrosis, is
also recognized as a driver of chronic inflammation and tumorigenesis
via NF-xB activation, reinforcing a positive feedback loop that sustains
inflammation and cancer progression. TNF-o has been implicated in
multiple malignancies, including breast, colorectal, pancreatic, and liver
cancers, where it promotes epithelial-mesenchymal transition (EMT),
angiogenesis, and metastasis. In bladder cancer, TNF-a enhances tumour
migration and invasion via the p38 MAPK signalling pathway
(Mercogliano et al., 2021), which is known for transducing stress signals
from the environment (Martinez-Limon et al., 2020). Dysregulation of
TGF-B signalling plays a role in tumour progression, exhibiting
tumour-suppressor properties in early stages but often shifting toward
immune suppression and tumour-promoting functions. In bladder can-
cer, genetic variations in TGF-p pathway components, such as SMAD
proteins, have been linked to increased cancer risk and progression
(Stojnev et al., 2019). Additionally, transgelin, an actin-binding protein
involved in EMT, promotes bladder cancer metastasis and is upregulated
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by TGF-f, which enhances cancer cell migration (Li and Wu, 2019; Chen
et al., 2019).

In our study we focused on bladder cancer patients. This type of
cancer is a prevalent malignancy with significant morbidity and mor-
tality, accounting for approximately 614,000 new cases and more than
200,000 deaths worldwide in 2022 (Bray et al., 2024). The disease
burden is particularly higher among men than women, and with
increasing mortality rates being reported among men in Thailand, Israel,
and Slovakia according to Global cancer statistics 2022 (GLOBOCAN)
(Bray et al., 2024). The mortality rate is projected to increase by up to
54 % for men and to more than double or nearly triple for women
globally by 2040 (Wéber et al., 2024).

The psychological distress can be one of the factors that could play a
role in the disease development as well as can exacerbate the overall
health condition following the initial diagnosis and treatment of the
disease (Eckerling et al., 2021; Liu et al., 2022). Both experimental and
clinical studies suggest that the effects of stress on tumorigenesis and the
course of cancer can be achieved by an imbalanced autonomic nervous
system (Makale et al., 2017). Mental and physical distress have been
reported in pancreatic, breast and ovarian cancer patients before the
cancer diagnosis (Li et al., 2023; Van Esch et al., 2012; Vine et al., 2003).
Another meta-analysis from 16 prospective cohort studies in initially
cancer-free individuals has demonstrated an association between psy-
chological distress and different types of cancer onset and death, but
predominantly with colorectal and prostate cancer (Batty et al., 2017).
Similarly, psychological distress has been associated with worse prog-
nosis in breast cancer patients (Brown et al., 2020) and increased cancer
mortality in individuals with cancer history, particularly in lung cancer
(Hamer et al., 2009).

Psychological distress, including perceived stress, negative
emotional responses, poor quality of life or life dissatisfaction, has been
linked to adverse health effects and increased inflammation, potentially
influencing cancer outcomes (Chida et al., 2008). Long-lasting psycho-
logical distress has been shown to exacerbate chronic inflammation and
enhance immunopathologic mechanisms (Antoni and Dhabhar, 2019).
One of the regulators of stress responses involves the vagus nerve. Its
activity is indexed by heart rate variability (HRV), a measure of auto-
nomic nervous system (ANS) function, reflecting the degree of change in
the intervals between normal heart-beats. HRV reflects the balance be-
tween the sympathetic and parasympathetic branches. HRV mirrors the
heart’s capacity to respond to distress (Kim et al., 2018). Previous
research has emphasised vagally-mediated HRV’s predictive role in
cancer (De Couck et al., 2018), and has suggested that high vagal nerve
activity may mitigate the effects of stress on inflammation (Tracey,
2002), reduce the excessive sympathetic responses, and enhance pro-
tective effects across diverse conditions (De Couck et al., 2012). The
vagus nerve plays an important role in regulating immune responses
through the "inflammatory reflex," a mechanism by which the CNS
modulate inflammation via ANS, particularly involving the splenic
sympathetic anti-inflammatory pathway, the HPA axis and the cholin-
ergic anti-inflammatory pathway. The latter is mediated by acetylcho-
line, which binds to a7 nicotinic acetylcholine receptors («7nAChR) on
macrophages and other immune cells, leading to a protective reduction
in the release of pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1pB, while preserving the release of anti-inflammatory cytokines such
as IL-10 and TGF-f (Pavlov and Tracey, 2012; Johnston and Webster,
2009; Bonaz et al., 2016). Moreover, activation of the HPA axis, through
the release of cortisol and other hormones also acts anti-inflammatory.
Thus, vagus nerve regulation facilitates endogenous neuroimmune
pathways, contributing to inflammation control and improved
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autonomic balance (Liu et al., 2024).

Furthermore, high HRV predicts longer cancer survival (De Couck
et al., 2018; Zhou et al., 2016) and moderates the effects of other
prognostic factors, such as relapse, in cancer (Atar et al., 2023). These all
highlight the potential moderating role of HRV in the relationship be-
tween psychological distress and immune-inflammatory responses and
cancer prognosis.

This study aims to explore the interaction between perceived stress,
life satisfaction, HRV, and inflammatory markers in bladder cancer pa-
tients. Specifically, we investigated the correlations between perceived
stress and life satisfaction and HRV with proinflammatory TNF-a and
immunosuppressive and anti-inflammatory TGF-f. In addition, we
tested whether HRV (indexed by SDNN - the standard deviation of
normal-to-normal interbeat intervals) moderates the relationship be-
tween psychological distress and levels of TNF-a and TGF-p. We hy-
pothesized that high vagal nerve activity, as indicated by higher HRV,
will mitigate the impact of perceived stress and life dissatisfaction on
inflammation. Understanding this moderation would be a testimony for
the protective roles of the vagal nerve and is essential for developing
targeted interventions to improve patient outcomes.

2. Methods
2.1. Study population and enrolment

The study cohort comprised 73 individuals over the age of 18 from
the Urology Clinic of St. Cyril and Methodius Hospital in Bratislava.
Participants included both patients with a primary diagnosis of bladder
cancer and those experiencing a recurrence, all of whom were under-
going transurethral resection of bladder tumours (TURBT). Exclusion
criteria encompassed those with diabetes mellitus, coronary artery dis-
ease, left ventricular hypertrophy, valvular heart disease, cardiac
pacemaker, or any other malignancies diagnosed within the past five
years. Additionally, individuals on cardiac glycosides, anti-arrhythmic
drugs, any type of anti-depressive and anti-psychotic drugs, or atro-
pines were excluded, as were those with poor ECG quality or more than
10 % ectopic beats. Blood samples and ECG recordings for HRV analysis
were collected from patients in a seated position, either one day prior to
or on the day of surgery. The study was conducted from November 2021
to June 2024, adhering to the International Ethical Guidelines and the
Declaration of Helsinki. Written informed consent was obtained from all
participants, and the study received approval from the Ethics Commit-
tees of both the Hospital of St. Cyril and Methodius (EK 1/2/2022) and
the Faculty of Medicine, Comenius University in Bratislava (125/2021).

2.2. Biological sample analysis

Serum concentrations of tumour necrosis factor alpha (TNF-a), along
with plasma concentrations of transforming growth factor beta (TGF-f),
were determined using sandwich ELISA tests. The assays were con-
ducted following the protocols specified by the human ELISA kits: TNF-a
from FineTest, China, and TGF-f from R&D Systems, USA.

2.3. HRV assessment

HRV measurements were obtained using a 5-min ECG recording.
Before the recording, patients rested in a supine position for 10 min,
then sat upright for the ECG recording, using the Bittium Faros 180
device (Bittium Biosignals Ltd, Finland). Electrodes were placed on the
right first and left fifth intercostal spaces at the midclavicular line after
skin preparation with ethanol. A 1000 Hz sampling rate was employed
to capture the electrical signal. HRV analysis was performed using the
Kubios Premium software (Kubios Oy, Finland), which extracted R-R
intervals, measured in milliseconds, from the R peaks of the QRS com-
plexes in the ECG signal. This analysis provided HRV parameters to
assess the autonomic nervous system (ANS) balance and activity,

Brain, Behavior, & Immunity - Health 46 (2025) 100995

focusing on parameters linked to the sympathetic and parasympathetic
branches. The primary HRV parameter analyzed for parasympathetic
activity was the time-domain measure of the standard deviation of
normal-to-normal inter-beat intervals (SDNN, ms.).

2.4. Psychological assessment

Psychological assessment utilized the Perceived Stress Scale 10 (PSS-
10) (Cohen et al., 1994), which measures the extent to which partici-
pants perceive their lives as unpredictable, uncontrollable, over-
whelming and stressful, through 10 items, some of which are
reverse-scored. PSS scores range from 0 (no perceived stress) to 40
(high perceived stress).

The Life Satisfaction Questionnaire (LSQ) (Fahrenberg et al., 2001)
was used to evaluate participants’ satisfaction across various domains,
including physical and mental health, work and employment, financial
situation, leisure time, marriage and partnership, relationships with
children, self-perception, sexuality, friends and relatives, and housing.
Satisfaction was rated on a 7-point Likert scale from 1 (very dissatisfied)
to 7 (very satisfied). Domain scores were calculated by summing the
scores of the 7 items within each domain, yielding a possible range of
7-49. Scores for work and employment, marriage and partnership, and
relationships with children were not included to the total score due to
frequently missing data. The scores were then converted to standardized
scores according to the LSQ scoring manual based on age and sex, with
higher scores indicating greater life satisfaction.

2.5. Statistical analysis

We first performed descriptive statistics (means, standard deviations,
and percentages). Then, we examined the correlations between the
psychological variables and cytokines using Pearson correlations in the
full sample. To examine the moderating effects of HRV, we conducted a
hierarchical multiple regression, testing the additional contribution of
the interaction terms PSS x SDNN and LSQ x SDNN in relation to TNF-o
and TGF-p, after statistically controlling for age, tumour grade, and the
main effects of SDNN and either PSS or LSQ. These tests were followed
by Pearson correlations between PSS and LSQ with TNF-a and TGF-g,
separately in patients with low SDNN and high SDNN, split at 20 ms, in
line with our previous studies (De Couck et al., 2016).

Table 1
Descriptive statistics in bladder cancer patients.

Bladder cancer patients

n=73

Age (years — mean, SD) 67.00 (8.99)
Males (n) 50
Females (n) 23
BMI (mean, SD) 27.65 (4.65)
NMIBC (n) 55

Low grade (n) 31

High grade (n) 24
MIBC (n) 18

High grade (n) 18

TNF-a (pg/ml) (mean, SD)
TGF-B (pg/ml) (mean, SD)

164.29 (451.84)
130.97 (11.33)

PSS (score) (mean, SD) 15.75 (5.35)
LSQ (score) (mean, SD) 6.68 (2.02)
SDNN (ms) (mean, SD) 17.58 (9.87)

Note: BMI = body mass index; SD = standard deviation; NMIBC = non-
muscle invasive bladder cancer (pTa, carcinoma in situ/CIS, and pT1
stages); MIBC = muscle-invasive bladder cancer (pT2 and pT3 stages); TNF-
a = Tumour necrosis factor alpha; TGF-p = Transforming growth factor beta;
PSS = Perceived stress scale; LSQ = Life satisfaction questioner score; SDNN
= Standard deviation of normal-to-normal interbeat intervals.
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3. Results
3.1. Basic characteristics of bladder cancer patients

The study sample consisted of 73 individuals, with 50 males and 23
females. The mean age (+SD) was 67.00 years (8.99), and the mean BMI
(+SD) was 27.65 (4.65). All participants were diagnosed with bladder
cancer. Table 1 provides a summary of the descriptive characteristics of
patients.

3.2. Association of perceived stress and life satisfaction with immune-
inflammatory parameters, as function of HRV

The correlations of PSS and LSQ scores with the immune-
inflammatory parameters in the full sample are shown in Table 2. PSS
tended to be positively correlated with TNF-a and tended to be nega-
tively correlated with TGF-B. LSQ only tended to be positively correlated
with TGF-p.

We then investigated the interaction effects of PSS and LSQ scores
with HRV (SDNN), in relation to both immune-inflammatory markers.
The interaction between PSS and SDNN in relation to log-transformed
TGF-p levels tended to be significant (F-change (1,67) = 2.83, p <
0.10). Additionally, the interaction of PSS and SDNN significantly pre-
dicted log-transformed TNF-a levels (F-change (1,65) = 7.27, p =
0.009). We stratified patients into two groups based on their HRV (low
SDNN <20ms vs. high SDNN >20ms) to examine the relationship be-
tween psychological distress and immune-inflammatory markers. In
patients with low HRV (SDNN <20ms), PSS was positively correlated
with TNF-a (r = 0.316, p = 0.029) and negatively correlated with TGF-f
(r = —0.308, p = 0.029), independent of age and cancer grade. Addi-
tionally, the LSQ score was positively correlated with TGF-f (r = 0.281,
p = 0.048). Conversely, in patients with high HRV (SDNN >20ms), PSS
and LSQ were not significantly related to either TNF-o or TGF-f. These
results are shown in Table 3. Fig. 1 illustrates the selected association of
TNF-a with PSS in patients with low vs. high SDNN. We used the cut-off
of 20 ms for SDNN since this cut-off was found in several past studies to
predict survival in patients with different cancers (De Couck et al., 2016)
and is the median of SDNN in several cancers together (De Couck et al.,
2013).

4. Discussion

In this study, we found that TGF-p was negatively associated with
perceived stress (PSS) and positively associated with life satisfaction
(LSQ), whereas TNF-a was positively associated with PSS—both only in
patients with low HRV. These findings suggest that high vagal nerve
activity may play a role in modulating the relationships between
perceived stress and cytokine levels in bladder cancer patients. Specif-
ically, the associations between perceived stress and two immune-
inflammatory cytokines observed in low-HRV patients were not pre-
sent in those with high HRV, which could indicate a potential buffering
effect of high HRV for these associations.

Table 2
Pearson correlations between perceived stress and life satisfaction with immune-
inflammatory parameters.

log TNF-a log TGF-B
PSS Pearson correlation, r 0.198 —0.208
Sig. (2-tailed) 0.097 0.078
LSQ Pearson correlation, r —0.045 0.221
Sig. (2-tailed) 0.708 0.060

Note: PSS = Perceived stress scale; LSQ = Life satisfaction questioner score; TNF-
o = Tumour necrosis factor alpha; TGF-f = Transforming growth factor beta; r =
Pearson correlation coefficient; Sig. (2-tailed) = level of statistical significance,
(2-tailed).
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Table 3

Pearson correlations between perceived stress and life satisfaction, with
immune-inflammatory parameters, in patients with low vs. high vagal nerve
activity (SDNN).

log TNF-a log TGF-B
Low SDNN <20ms PSS Pearson correlation, r 0.316 —0.308
Sig. (2-tailed) 0.029* 0.029*
N 48 50
LSQ Pearson correlation, r —0.065 0.281
Sig. (2-tailed) 0.663 0.048*
N 48 50
High SDNN >20ms PSS Pearson correlation, r —0.144 0.198
Sig. (2-tailed) 0.513 0.364
N 23 23
LSQ Pearson correlation, r 0.008 0.017
Sig. (2-tailed) 0.972 0.938
N 23 23

Note: SDNN = Standard deviation of normal-to-normal interbeat intervals; PSS
= Perceived stress scale; LSQ = Life satisfaction questioner score; TNF-a =
Tumour necrosis factor alpha; TGF-p = Transforming growth factor beta; r =
Pearson correlation coefficient; Sig. (2-tailed)* = level of statistical significance
(2-tailed); N = number of samples.

Vagal activity, reflected by HRV, influences the body’s response to
stress (Larkin et al., 2021). In our analysis, we observed a negative
correlation between PSS and TGF-p levels in patients with low
HRV-SDNN. TGF-p is a pleiotropic cytokine involved in immunosup-
pressive activity (Yoshimura et al., 2010). Disruption of the TGF-p
pathway has been implicated in many human diseases, including solid
and hematopoietic tumours (Massagué, 2008; Sanjabi et al., 2017).

We found that perceived stress appears to be associated with a
reduction of TGF-f plasma level, especially in individuals with low vagal
activity. The observed reduction in TGF-f could lead to increased
inflammation, creating an environment that may affect cancer dynamics
and exacerbate outcomes (Massague, 2008). Higher vagal activity (high
HRV) might buffer these effects, maintaining TGF-p's anti-inflammatory
role even under stress conditions. These results are partly in line with
findings in B-cell lymphoma, where relapse predicted mortality only in
patients with low HRV, whereas in patients with high HRV, relapse no
longer predicted mortality (Atar et al., 2023).

Our results also indicate that TGF-§ positively correlated with life
satisfaction (LSQ) in patients with low HRV-SDNN. LSQ assesses long-
term life satisfaction across various domains. This positive correlation
indicates that higher life satisfaction is associated with higher levels of
TGF-f, potentially reflecting a better-regulated inflammation. Higher
vagal activity might provide resilience against chronic stress and is often
positively correlated with well-being (Jandackova and Jackowska,
2015; Weber et al., 2010). In addition, high vagal activity reflects better
natural regulation of inflammation (Rosas-Ballina et al., 2011).
Together, these could lead to a more balanced inflammatory response
and regulated TGF-p expression in people with high HRV, regardless of
their life satisfaction. These physiological mechanisms could explain the
null correlation between LSQ and TGF-p found in patients with high
HRV.

Such findings align with the understanding that TGF-p has immu-
noregulatory properties (Batlle and Massagué, 2019), which can be
enhanced by positive psychological states and high vagal tone. How-
ever, in patients with low HRV, insufficient biological regulation of
stress and inflammation, may result in a stronger association between
better life satisfaction and TGF-f, in other words to better regulation of
inflammation. It is possible that there is a synergism between high HRV
and high LSQ for regulating inflammation due to the following
converging evidence. First, as stated above, the vagus inhibits inflam-
mation (Rosas-Ballina et al., 2011). Second, positive well-being is
associated with activation of various frontal brain regions including the
anterior cingulate and prefrontal regions (King, 2019). Finally, one
unique study found that better brain connectivity between the prefrontal
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A) Low HRV-SDNN < 20ms
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Fig. 1. Association of perceived stress and life satisfaction with TNF-a and TGF-p in relation to low vs. high vagal nerve activity.

cortex and amygdala (a region processing threat) is strongly related to
lower inflammation (Mehta et al., 2022).

TGF-f exerts a dual influence on cancer progression, acting as a
tumour suppressor in premalignant cells and as a tumour promoter in
malignant cells (David and Massagué, 2018). Initially, TGF-p enforces
cytostatic and apoptotic responses to prevent uncontrolled proliferation,
but genetic alterations can render cancer cells resistant to its suppressive
effects. These mutations occur in 25-50 % of gastric, colorectal, and
pancreatic adenocarcinomas and 10-20 % of bladder, lung, and head
and neck carcinomas (David and Massagué, 2018; Batlle and Massague,
2019). As tumours evolve, selective pressure enables cancer cells clones
to shift TGF-f signalling from growth suppression to immune evasion,
stromal remodelling, and EMT induction, fostering invasion and
metastasis. Alternatively, cancer cells may reinterpret TGF-p signals to
drive tumour-promoting functions (Batlle and Massagué, 2019). Chronic
stress and diminished vagal activity may contribute to this oncogenic
shift by altering neuroimmune communication and promoting a
pro-inflammatory tumour microenvironment.

Impaired vagal signalling has been linked to immune dysregulation,
as evidenced by study demonstrating that vagotomy diminishes the
immunomodulatory effects of ghrelin and growth hormone, which
possess anti-inflammatory and anti-apoptotic properties (Zhou et al.,

2020). This disruption led to dysregulated lymphocyte counts and
increased inflammation, highlighting the vagus nerve’s role in main-
taining immune homeostasis. TGF-p, which can induce lymphocyte
apoptosis under pathological conditions, is often overproduced by tu-
mours to suppress immune responses, facilitating tumour growth and
invasion (Zhou et al., 2020). Chronic stress has been shown to activate
TGF-B-SMAD signalling, and blocking this pathway restores pro- and
anti-inflammatory cytokine balance (Zhang et al., 2018). Thus, chronic
stress and reduced vagal activity may impair the action of
anti-inflammatory mediators in maintaining lymphocyte homeostasis,
regulating apoptosis-related pathways and pro-inflammatory cytokines
(Zhou et al., 2020; Zhang et al., 2018), potentially contributing to an
immune environment permissive to oncogenic shift and tumour
progression.

The positive association between TNF-a and PSS aligns with existing
evidence, suggesting that psychological distress is associated with
higher inflammatory responses (Kiecolt-Glaser et al., 2010; Elgellaie
et al.,, 2023). This may then potentially adversely influence cancer
progression and patient outcomes (Chida et al., 2008). Elevated levels of
pro-inflammatory cytokines such as TNF-a are well-documented in
promoting tumour growth, angiogenesis, and immune evasion (Balkwill
and Mantovani, 2001; Grivennikov et al., 2010), with poor life
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satisfaction, stress, and inflammation playing an important role in this
relationship (Shrout et al., 2020; McFarland et al., 2022; Ironson et al.,
2018; Rosella et al., 2019).

Moreover, the interaction between PSS and SDNN in relation to log-
transformed TGF-f levels tended to be significant and the interaction of
PSS and SDNN significantly predicted log-transformed TNF-a levels.
These findings suggest that the relationship between stress and inflam-
matory markers is modulated by vagal activity. Specifically, low HRV-
SDNN may enhance the impact of perceived stress on inflammatory
cytokine levels, indicating that individuals with lower vagally-
associated HRV may exhibit higher levels of inflammatory markers
(Hunakova et al., 2023; Cooper et al., 2015; Lampert et al., 2008).
Similar moderation by HRV has been observed in other studies and
systems. In healthy Japanese students, brain activity correlated with
peripheral anti-tumour immunity (NK cells) only in those with high
HRV, but not in those with low HRV (Ohira et al., 2013). Additionally, in
patients with diffuse large B-cell lymphoma, cancer relapse predicted
death only in those with low HRV (Atar et al., 2023).

PSS and LSQ were not significantly related to TNF-a or TGF-p levels
in patients with high HRV (SDNN >20ms). This suggests that high vagal
nerve activity may buffer the effects of psychological distress on in-
flammatory processes, potentially reducing the risk of adverse cancer
outcomes. These findings are consistent with previous studies demon-
strating the regulatory effects of high HRV, as vagally-related HRV

parameters have been negatively correlated with inflammatory markers,
and higher vagal activity has also been associated with reduced pro-
duction of proinflammatory cytokines (Hunakova et al., 2023; Marsland
et al., 2007). This underscores the importance of autonomic regulation
in cancer biology. High HRV, indicative of greater parasympathetic
(vagal) activity, appears to attenuate the inflammatory response to
psychological stress. This is also in line with the polyvagal theory, which
posits that the vagus nerve plays a critical role in regulating the in-
flammatory response and maintaining homeostasis (Porges, 2007), as
shown in pancreatic cancer patients (De Couck et al., 2016) and other
studies emphasizing vagally-mediated HRV’s predictive role and impact
on different types of cancer (De Couck et al., 2018).

Several studies have identified factors contributing to increased psy-
chological distress in cancer patients, including pre-operative anxiety,
disease perception, depression, and low social support (Mohamed et al.,
2023; Palapattu et al., 2004; Volz et al., 2022; Trudel and Maciejewski,
2021; Zhang et al., 2020). Reducing psychological distress, as well as
addressing impairments in immune-inflammatory regulation, sympathetic
nervous system activity, and hypothalamic-pituitary-adrenal axis dysre-
gulation through stress-management interventions, has been associated
with improved patient outcomes and increased survival (Spiegel, 2012).
The vagus nerve, by enhancing adaptive emotion regulation and stress
resilience, positively influences quality of life, reduces stress responses,
and helps maintain immune signalling homeostasis by its regulation of
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inflammation (De Couck et al., 2018; Pavlov and Tracey, 2012; Vander-
hasselt and Ottaviani, 2022; Thayer et al., 2009). Beyond its predictive
value, the vagus nerve may also offer a protective role against the pro-
gression of various diseases, including cancer, mostly due to its
immune-regulatory effects (De Couck et al., 2018).

4.1. Limitations and future directions

Our study has several limitations that need to be acknowledged. The
cross-sectional nature of our study limits our ability to draw causal in-
ferences and even inferences about the direction of correlations. Lon-
gitudinal studies are necessary to clarify the directionality and
experimental intervention studies are needed to establish causality be-
tween stress, life satisfaction, HRV, and inflammatory markers in cancer.
Our sample size was relatively small, which may affect the generaliz-
ability of our findings and the statistical significance. Larger studies are
needed to confirm these results and to explore potential variations
across different populations. The use of self-reported questionnaires for
assessing perceived stress and life satisfaction may introduce response
biases. Assessing biomarkers and HRV at a single time point may not
capture the dynamic nature of these physiological processes. Repeated
measures over time would provide a more comprehensive understand-
ing of their immune-regulatory effects in the context of cancer and
distress.

5. Conclusion

Our study highlights the complex interplay between perceived stress,
life satisfaction, inflammatory markers, and vagal activity in patients
with bladder cancer. We found that perceived stress positively corre-
lated with TNF-a and negatively with TGF-p levels only in patients with
low HRYV, suggesting that stress-related reduction in TGF-$ could lead to
increased inflammation, reduced immune regulation and potentially
adverse cancer dynamics when HRV is low. Conversely, higher life
satisfaction was positively correlated with TGF-p levels, indicating a
better-regulated immune response in individuals with higher life satis-
faction. These findings suggest that high vagal activity may buffer the
effects of psychological distress on inflammatory processes, potentially
reducing the risk of adverse cancer outcomes in patients with high vagal
activity. Future research should aim to replicate these findings in larger,
more diverse populations and employ longitudinal and experimental
designs to establish causality. Incorporating objective measures of stress
and well-being, along with biomarker assessments, will enhance our
understanding of the mechanisms underlying these associations. This
improved understanding could inform interventions aimed at reducing
stress and improving life satisfaction, thereby mitigating inflammation
and immune dysregulation and ultimately improving outcomes and
clinical care for cancer patients.
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