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Abstract 

Background: Competitive sports represent a powerful physiological and psychological 

stressor capable of modulating neuroendocrine and immune pathways. Water polo, 

characterized by intense intermi�ent exertion and frequent physical contact, provides a 

unique model to investigate competition-related stress biology. Methods: Sixteen male 

Italian Serie C water polo players were enrolled in the study. Using a within-subject 

design, saliva samples were collected under controlled circadian conditions. Salivary 

biomarkers, including cortisol, IgA, and cytokines, were assessed both before and after 

training sessions and competitive matches. Results: Both training and competition elicited 

POST-session increases in salivary cortisol and cytokines, alongside reductions in IgA. 

However, competition produced significantly higher anticipatory and POST-session 

cortisol concentrations. A larger POST-session decreases in IgA compared with training 

was observed. Cytokine concentrations increased from PRE- to POST-session in both 

conditions, with significantly greater induction during competition across the panel. 

During training, selected cytokines showed positive within-session correlations with 

cortisol, indicating coordinated hypothalamic–pituitary–adrenal–immune activation 

under lower psychosocial load. These associations were a�enuated and less consistent 

during competition. Conclusions: Official competition amplifies endocrine and immune 

responses beyond those observed during match-like training in elite water polo players, 

despite comparable physical demands. Altered cytokine–cortisol coupling under 

competitive conditions suggests modulation of neuroendocrine–immune integration by 

psychosocial stress. Combined salivary profiling of cortisol, cytokines, and IgA represents 

a feasible, non-invasive approach for monitoring psychophysiological load in elite aquatic 

team sports. 
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1. Introduction 

Water polo is among the most physiologically and psychologically demanding team 

sports. Match play requires repeated bouts of high-intensity swimming, rapid 

accelerations, grappling, and sustained tactical engagement, resulting in substantial 

metabolic, mechanical, and neuroendocrine load. The intermi�ent nature of exertion, 

coupled with frequent physical contact and limited recovery intervals, places water polo 

athletes under pronounced cardiovascular and musculoskeletal stress [1,2]. However, the 

demands of competition extend beyond physical exertion alone. Official matches uniquely 

expose athletes to anticipatory anxiety, social-evaluative stress, and outcome uncertainty, 

factors that are largely a�enuated or absent during routine training sessions [3,4]. 

Psychological stressors associated with competition are known to activate the 

hypothalamic–pituitary–adrenal (HPA) axis, leading to elevations in circulating and 

salivary cortisol [5,6]. Cortisol plays a central role in coordinating energy availability and 

modulating immune responses, exerting context-dependent effects on inflammation and 

host defense [7,8]. In athletes, acute increases in cortisol during competition have been 

repeatedly linked to transient immune perturbations, including alterations in mucosal 

immunity and cytokine signaling [9–11]. Importantly, the magnitude of these responses 

appears to depend not only on exercise intensity but also on the psychosocial context in 

which exertion occurs [3,4,11]. 

Cytokines occupy a central position in this stress–immune interface. Acting as 

pleiotropic signaling molecules, cytokines orchestrate exercise-induced inflammation, 

regulate leukocyte trafficking, and contribute to tissue repair and metabolic adaptation 

following exertion [12,13]. Both pro- and anti-inflammatory cytokines are rapidly 

mobilized in response to acute exercise, with pa�erns that depend on intensity, duration, 

training status, and recovery dynamics [14–16]. While these processes have been 

extensively studied in endurance and resistance exercise paradigms, cytokine responses 

in water polo remain comparatively underexplored. Direct comparisons between training 

and competition, and the extent to which cytokine fluctuations are temporally coupled to 

cortisol within the same session, remain poorly defined. 

Understanding these interactions is relevant not only for exercise immunology but 

also for athlete health and performance management. Dysregulated or repeatedly 

exaggerated inflammatory responses may impair recovery, increase susceptibility to 

illness, and contribute to maladaptation across a competitive season [17–20]. Conversely, 

tightly coordinated cytokine–cortisol responses may reflect an efficient and resilient 

stress-adaptation system [21,22]. 

The present study aimed to systematically compare cytokine and cortisol responses 

in elite water polo players across matched training and competition sessions. 

Additionally, we examined within-session relationships between cytokines and cortisol 

to be�er characterize neuroendocrine–immune coupling under differing psychosocial 

demands. 

Based on existing evidence [3,4,9,11,17], we preregistered the following directional 

hypotheses: (1) competitive matches would elicit larger PRE- to POST-session increases in 

both cytokines and cortisol compared with training sessions; and (2) cytokine 

concentrations would show positive within-session correlations with cortisol, reflecting 

coordinated activation of the HPA axis and immune signaling pathways [23]. 
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By addressing these questions, this study seeks to refine current understanding of 

stress biology in elite team sports and to delineate the distinct immunoendocrine 

signatures of competition versus training in water polo athletes. 

2. Materials and Methods 

2.1. Participants and Study Design 

The study sample consisted of male water polo players competing in the Italian Serie 

C league, which represents the third division and a sub-elite level of competition. All 

participants were members of the same team and adhered to a uniform training regimen 

that included 4–5 sessions per week (approximately 8–10 h weekly) throughout a 

competitive season lasting about 8–9 months. Although every athlete took part in all 

matches, variations in individual playing time and positional responsibilities were not 

controlled and may have affected physiological outcomes. Players were asked to maintain 

their usual hydration and dietary practices; however, sleep, nutrition, and supplement 

intake were not strictly regulated, which should be taken into account when evaluating 

biomarker variability. 

Eligibility required consistent participation in training, while exclusion criteria 

included recent illness, injury, or the use of medications influencing immune or endocrine 

function. Health status was assessed via a self-reported questionnaire (see Supplementary 

Table S1). 

A total of sixteen players were included: 2 goalkeepers, 10 field players, and 4 center 

forwards. The mean age was 23 ± 4 years, with a range of 19 to 27 years. 

To control for circadian variation in salivary biomarkers, both sessions were 

scheduled in the evening. Saliva samples were collected at two time points for each 

session: PRE, defined as 15–20 min before the start of the session, and POST, defined as 

15–20 min after session completion. The study design, sampling timeline, and handling 

procedures were consistent with those adopted in the cohort’s previously published 

biomarker investigations, allowing direct comparability across studies.  

Study design and sampling timeline are shown in Figure 1. 

 

Figure 1. Study design and sampling timeline. Schematic representation of the within-subject 

experimental design. Each participant completed one standardized training session (TRAIN) and 

one official competitive match (COMP), both conducted in the evening. Saliva samples were 

collected at PRE (15–20 min before session start) and POST (15–20 min after session completion). 

All participants provided wri�en informed consent prior to inclusion, and the study 

was conducted in accordance with the Declaration of Helsinki and local ethical approval 

(Ethical Commi�ee of the University of Genoa, CERA 2024/34, 25 March 2024). 
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2.2. Saliva Collection and Processing 

Saliva samples were obtained using commercially available swab-based collection 

systems validated for field and poolside use (SARSTEDT S.r.l., Trezzano sul Naviglio, Mi-

lano, Italy). Participants were instructed to refrain from eating, drinking (except water), 

brushing teeth, or using oral products for at least 60 min prior to sampling. The absence 

of blood contamination was checked with a salivary blood contamination kit (Salimetrics 

LLC, Cambridge, UK). 

Following collection, samples were refrigerated during transport, then centrifuged 

to remove debris, and stored at −80 °C until analysis. All samples were assayed in batches 

to minimize inter-assay variability, and samples from the same participant were always 

analyzed within the same assay run. 

2.3. Biomarker Assays 

Salivary cortisol concentrations were quantified using a high-sensitivity enzyme im-

munoassay (EIA test, Pantex, Santa Monica, CA, USA), following the manufacturer’s in-

structions and established laboratory protocols previously applied in this cohort. The as-

say range was 0.1–30 ng/mL, and the sensitivity 0.0392 ng/mL. 

Salivary testosterone and immunoglobulin A (IgA)were measured using enzyme-

linked immunosorbent assays (ELISA, by EMELCA Bioscience, Breda, The Netherlands) 

validated for salivary matrices. The range was 0.2–80 ng/mL, and the sensitivity was <0.1 

ng/mL for testosterone. The range was 0.24–1000 ng/mL, and the sensitivity was <0.24 

ng/mL for IgA. All samples were tested in triplicate. Intra-assay deviation was 6.3% for 

the EIA test and <10% for all ELISA kits. 

Salivary cytokines were quantified using ELISA-based immunoassays validated for 

low-volume salivary samples. The cytokine panel comprised key pro-inflammatory me-

diators relevant to exercise-induced immune modulation. All assays were performed in 

accordance with the manufacturers’ recommendations (ImmunoTools GmbH, Friesoythe, 

Germany). The minimum detectable concentrations were 18 pg/mL for IL-1β, 6.1 pg/mL 

for IL-6, and 22 pg/mL for TNF-α, as reported by the manufacturer. The experiments were 

repeated three times, and the means ± standard deviations (SDs) were presented. For all 

the ELISA kits, the intra-assay precision was <8%, and the inter-assay precision was <10%. 

The analytical methods were performed using commercially available assay kits val-

idated for salivary samples according to the manufacturer’s specifications. Assay perfor-

mance characteristics, including sensitivity, intra- and inter-assay variability, and stand-

ard curve ranges, were verified prior to analysis. Finally, sample stability was ensured by 

immediate storage at −20 °C/−80 °C following collection and avoidance of repeated freeze–

thaw cycles. Additionally, it was verified that a freeze–thaw cycle, applied to all saliva 

samples, did not affect the values of the biomarkers analyzed in this study. 

2.4. Outcomes 

The primary outcomes of the study were the pre- to post-session (PRE → POST) 

changes in salivary cytokines and cortisol, and the comparison of these responses between 

training and competition sessions. 

Secondary outcomes included within-session associations between cytokine concen-

trations and cortisol levels, examined separately for training and competition, to explore 

neuroendocrine–immune coupling under differing psychosocial conditions. 

2.5. Statistical Analysis 

Statistical analyses for cortisol, testosterone, and IgA followed the repeated-measures 

analytical framework established in previous studies of this cohort [24]. For cytokine out-

comes, data were analyzed using a two-way repeated-measures analysis of variance 
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(ANOVA) with SESSION (training vs. competition) and TIME (PRE vs. POST) as 

within-subject factors. 

Associations between cytokines and cortisol within each session were assessed using 

Spearman’s rank correlation coefficient, with corresponding 95% confidence intervals. 

Statistical analyses were performed using Prism10 (GraphPad Software, Boston, MA, 

USA). 

p values lower than 0.05 were considered as significant. 

3. Results 

3.1. Cortisol, Testosterone, and IgA: Contextual Markers of Psychophysiological Load 

Salivary cortisol concentrations increased significantly from PRE to POST across both 

experimental conditions, indicating robust activation of the HPA axis in response to water 

polo activity (main effect of time, p < 0.001). A significant main effect of SESSION was also 

observed, with higher overall cortisol concentrations during competition compared with 

training (p < 0.01). All of these results are summarized in Figure 2 (upper box). 
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Figure 2. Cortisol and IgA responses to training and competition. Changes in salivary cortisol (up-

per), testosterone (middle) and IgA (lower) from PRE to POST during training (TRAIN) and com-

petition (COMP). Data are presented as mean ± SEM. Competition elicited significantly higher an-

ticipatory and post-session cortisol concentrations and a significantly greater post-session reduction 

in IgA compared with training. *** p = 0.001; **** p < 0.0001; ns: no significant. 

Importantly, a significant SESSION × TIME interaction was detected for cortisol (F14,98 

= 1.61, p = 0.091), indicating that the magnitude of the PRE → POST cortisol response dif-

fered between conditions. Cortisol production significantly PRE → POST increases during 

both training (p < 0.001) and competition (p < 0.001), with a substantially larger increase 

during competition. In addition, anticipatory (PRE) cortisol concentrations were signifi-

cantly higher before competition than before training (p < 0.001). 

A significant increase in testosterone concentration was observed following training 

matches: mean pre-training match (P1) values were markedly higher than post-training 

match levels (P2): F1,14 = 68.07, p < 0.001. Similarly, a significant pre- (P3) to post- training 

match (P4) elevation in testosterone (F1,14 = 67.82, p < 0.001). 

In contrast, no significant differences were detected between pre- and post-competi-

tive match values: P3 vs. P4 (F1,14 = 0.015, p = 0.91) and P5 vs. P6 (F1,14 = 0.015, p = 0.91), 

indicating an absence of acute hormonal response in these sessions. 

Overall, the results indicate a variable testosterone response across matches, with 

significant acute increases occurring in training matches, while competitive matches did 

not elicit significant changes. 

Salivary IgA concentrations decreased significantly from PRE to POST in both con-

ditions (main effect of time, p < 0.001). A significant SESSION × TIME interaction was also 

observed for IgA (F14,98 = 2.89, p = 0.010). In addition, POST-session reduction in IgA was 

significantly greater following competition than training (p < 0.001), indicating amplified 

suppression of mucosal immunity under competitive conditions. 

Descriptive statistics for cortisol, testosterone and IgA across sessions and time points 

are reported in Table 1 and summarized in Figure 2. 

Table 1. Cortisol, testosterone, and IgA across sessions. 

 Pre 1 Post 1 Pre 2 Post 2 Pre 3 Post 3 Pre 4 Post 4 

Cortisol (μg/mL)         

Minimum 0.2111 0.3434 0.3744 0.8131 0.2130 0.3180 0.5180 0.9160 

Maximum 0.4683 0.6679 0.7224 1.772 0.4270 0.6940 1.262 4.309 

Range 0.2572 0.3245 0.3480 0.9592 0.2140 0.3760 0.7440 3.393 

Mean 0.3359 0.4831 0.5575 1.181 0.3048 0.4457 0.7165 2.285 

Std. Deviation 0.07599 0.09015 0.1150 0.2739 0.06305 0.1032 0.1914 1.072 
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Testosterone 

(pg/mL) 
        

Minimum 20.00 45.00 40.00 45.00 18.00 43.00 34.00 39.00 

Maximum 95.00 145.0 140.0 135.0 89.00 143.0 138.0 139.0 

Range 75.00 100.0 100.0 90.00 71.00 100.0 104.0 100.0 

Mean 52.07 101.9 93.80 94.87 51.07 100.6 93.13 94.20 

Std. Deviation 22.84 29.31 32.72 30.28 22.08 30.84 32.36 31.70 

IgA (μg/mL)         

Minimum 189.0 80.00 223.0 93.00 290.0 129.0 294.0 107.0 

Maximum 312.0 230.0 301.0 205.0 473.0 267.0 471.0 229.0 

Range 123.0 150.0 78.00 112.0 183.0 138.0 177.0 122.0 

Mean 252.8 172.3 262.9 168.4 398.7 174.3 379.6 178.1 

Std. Deviation 38.50 38.56 26.18 31.81 48.34 43.15 54.10 38.59 

3.2. Cytokine Responses Differ Between Training and Competition 

Salivary cytokine concentrations increased from PRE to POST in both training and 

competition sessions, consistent with activation of exercise-related inflammatory signal-

ing. Two-way repeated-measures ANOVA revealed a significant main effect of TIME for 

all cytokines examined (p < 0.001), confirming acute post-exercise induction. 

A significant main effect of SESSION was observed for multiple cytokines, with 

higher overall concentrations during competition compared with training (p < 0.001). Cru-

cially, significant SESSION × TIME interactions were detected across the cytokine panel 

(all p < 0.001), indicating that the magnitude of the PRE → POST cytokine response was 

modulated by competitive context. 

In addition, a PRE → POST increase during competition for all measured cytokines 

(all p < 0.001) was observed, whereas training-induced changes were smaller and, for some 

markers, more variable. Among pro-inflammatory mediators, IL-6 exhibited particularly 

pronounced sensitivity to competition, with significantly greater POST concentrations 

and fold changes compared with training (p < 0.001). Similar pa�erns were observed for 

IL-1β and TNF-α, supporting the presence of an amplified inflammatory response under 

competitive conditions. 

Anti-inflammatory cytokines, where assessed, showed concurrent POST increases, 

suggesting coordinated immune activation rather than a purely pro-inflammatory shift. 

Cytokine descriptive statistics and PRE → POST percentage changes are presented in Ta-

ble 2, while inferential statistics, effect sizes, and interaction terms are summarized in Fig-

ure 3. 

Table 2. Cytokine descriptive statistics. 

 Pre 1 Post 1 Pre 2 Post 2 Pre 3 Post 3 Pre 4 Post 4 

IL-1 β (pg/mL)         

Minimum 0.300 1.000 0.200 1.550 0.200 0.900 0.500 2.000 

Maximum 1.000 2.500 1.000 3.400 1.300 3.100 1.700 4.020 

Range 0.700 1.500 0.800 1.850 1.100 2.200 1.200 2.020 

Mean 0.540 1.840 0.640 2.343 0.640 1.847 0.840 2.910 

Std. Deviation 0.238 0.472 0.220 0.5293 0.316 0.679 0.300 0.641 

IL-6 (pg/mL)         

Minimum 0.100 1.000 0.1000 3.000 0.1000 13.20 0.2000 19.20 

Maximum 0.300 5.800 0.3000 4.400 0.3000 26.20 0.6000 28.80 

Range 0.200 4.800 0.2000 1.400 0.2000 13.00 0.4000 9.600 

Mean 0.163 4.413 0.1750 3.769 0.2000 21.38 0.3125 24.44 
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Std. Deviation 0.074 1.501 0.089 0.478 0.0756 4.211 0.1356 4.042 

TNF-α (pg/mL)         

Minimum 0.500 1.200 0.300 1.100 0.700 1.500 0.700 2.100 

Maximum 2.200 4.700 2.200 2.900 1.600 7.800 2.000 6.700 

Range 1.700 3.500 1.900 1.800 0.900 6.300 1.300 4.600 

Mean 1.325 2.850 1.388 2.150 1.075 5.200 1.438 3.800 

Std. Deviation 0.610 1.335 0.673 0.637 0.282 2.231 0.521 1.595 

 

Figure 3. Salivary cytokine responses to training and competition. PRE–POST changes in salivary 

cytokine concentrations during training and competition. Data are shown as mean ± SEM. All 
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cytokines increased post-session in both conditions, with significantly greater induction during 

competition, indicating amplified immune activation under competitive stress. * p = 0.0255; ** p = 

0.099; *** p = 0.001; **** p < 0.0001. 

3.3. Cortisol-Testosterone Coupling Within Section 

Within-session relationships between salivary testosterone and cortisol, together 

with the testosterone-to-cortisol (T/C) ratio, are presented in Figure 4. During training, a 

significant moderate positive correlation between testosterone and cortisol was observed 

from PRE to POST (r = 0.49, p < 0.001), indicating coordinated regulation of anabolic and 

catabolic hormonal responses under conditions of lower psychosocial stress. 

 

Figure 4. Testosterone–cortisol associations within sessions and testosterone ration. Sca�erplots il-

lustrating within-session associations between salivary testosterone and cortisol concentrations dur-

ing training and competition from PRE to POST. A significant positive correlation was observed 

during training (r = 0.49, p < 0.001), whereas the association during competition was weaker and not 

statistically significant (r = 0.22, p = 0.086). Bar plots represent the testosterone-to-cortisol (T/C) ratio 

across conditions, showing higher and more stable values during training and reduced, more vari-

able values during competition, consistent with a shift toward catabolic predominance. Data are 
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presented as mean ± SEM; p < 0.05 was considered statistically significant. * p = 0.0126, **** p < 0.0001; 

ns: no significant. Solid lines indicate the best-fit line, dash lines indicate the 95% confidence results. 

In contrast, during competition, the association between testosterone and cortisol 

was weaker and did not reach statistical significance (r = 0.22, p = 0.086), with greater dis-

persion of individual data points. This pa�ern suggests a reduced coupling between these 

hormonal axes under competitive conditions, despite the higher overall cortisol levels ob-

served. 

Analysis of the T/C ratio further supported these findings. Training sessions were 

characterized by relatively higher and more stable T/C values, whereas competition 

showed a reduction in the ratio and increased inter-individual variability. This shift re-

flects a relative predominance of catabolic activity during competition, driven primarily 

by elevated cortisol in the absence of a corresponding increase in testosterone. 

Collectively, these results indicate that competition not only amplifies endocrine re-

sponses but also alters the functional relationship between testosterone and cortisol, con-

tributing to a distinct hormonal profile compared with training. 

3.4. Cortisol-IgA and Testosterone-IgA Coupling Within Sessions 

Within-session associations between salivary cortisol, testosterone, and IgA are pre-

sented in Figure 5. During training, a significant moderate inverse correlation was ob-

served between cortisol and IgA from PRE to POST (r = −0.515, p < 0.001), indicating that 

increases in HPA axis activity were associated with reductions in mucosal immune mark-

ers. This relationship was even stronger during competition (r = −0.631, p < 0.001), sug-

gesting a more pronounced coupling between cortisol elevation and IgA suppression un-

der worsened psychosocial stress. 

In contrast, testosterone–IgA associations differed markedly between conditions. 

During training, a significant but weaker inverse correlation was observed (r = −0.290, p = 

0.025), indicating a modest relationship between anabolic signaling and mucosal immun-

ity. However, during competition, this association was abolished (r = −0.081, p = 0.540), 

reflecting a lack of coupling between testosterone and IgA responses under competitive 

conditions. 

Collectively, these findings indicate that cortisol–IgA relationships remain robust 

and are amplified during competition, whereas testosterone–IgA coupling is weakened 

or lost. This differential pa�ern suggests that competition selectively strengthens cata-

bolic–immune interactions while disrupting anabolic–immune coordination, contributing 

to a context-dependent reorganization of neuroendocrine–immune integration. 
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Figure 5. Sca�erplots illustrating PRE–POST within-session correlations between salivary cortisol 

and IgA, and testosterone and IgA, during training and competition sessions. Cortisol–IgA associ-

ations were significant and inverse in both training (r = −0.515, p < 0.001) and competition (r = −0.631, 

p < 0.001), with stronger coupling observed under competitive conditions (panel (A,B) respectively). 

Testosterone–IgA correlations were weaker and significant during training (r = −0.290, p = 0.025) but 

not during competition (r = −0.081, p = 0.540) (panel (C,D) respectively). These results indicate pre-

served and amplified HPA–immune coupling alongside disrupted anabolic–immune associations 

during competition. p < 0.05 was considered statistically significant. Solid lines indicate the best-fit 

line, dash lines indicate the 95% confidence results. 

3.5. Cytokine–Cortisol Coupling Within Sessions 

To further explore neuroendocrine–immune integration, within-session associations 

between salivary cortisol and cytokine concentrations were examined. During training, 

several cytokines demonstrated positive correlations with cortisol at both PRE and POST 

time points (Figure 6). These associations suggest coordinated activation of endocrine and 

immune signaling pathways under conditions of lower psychosocial load. 

In contrast, correlation pa�erns during competition were more heterogeneous. While 

competition elicited larger absolute cytokine and cortisol responses, the strength and con-

sistency of within-session associations were a�enuated for some markers, suggesting par-

tial decoupling under high psychosocial load. This pa�ern may reflect differential timing, 

saturation effects, or regulatory feedback mechanisms introduced by heightened antici-

patory stress. 
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Figure 6. Cytokine–cortisol associations within sessions. Sca�erplots depicting within-session cor-

relations between salivary cortisol and selected cytokines during training and competition. Spear-

man correlation coefficients (r) and 95% confidence intervals are shown. Positive associations were 

more consistent during training and a�enuated during competition, suggesting altered neuroendo-

crine–immune coupling under high psychosocial load. p values lower than 0.05 were considered as 

significant. Solid lines indicate the best-fit line, dash lines indicate the 95% confidence results. 

4. Discussion 

The present study demonstrates that official competition elicits markedly stronger 

salivary cytokine and cortisol responses than matched training sessions in elite water polo 

players, accompanied by greater post-session IgA suppression. Together, these responses 

delineate an integrated psychophysiological stress signature that distinguishes competi-

tive match play from ecologically similar training, despite broadly comparable physical 

demands. Under conditions of lower psychosocial load, the observed associations may 
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reflect a coordinated activation of endocrine and immune signaling pathways [23]. In con-

trast, correlation pa�erns during competition appeared more heterogeneous. Although 

competition elicited larger absolute cytokine and cortisol responses, the strength and con-

sistency of within-session associations were a�enuated for some markers. This finding 

may indicate a partial decoupling of these systems under high psychosocial load. Such a 

pa�ern could be explained by differences in response kinetics, saturation effects, or regu-

latory feedback mechanisms associated with increased anticipatory stress. 

4.1. Competition as an Amplifier of Neuroendocrine–Immune Activation 

The consistently higher anticipatory and post-session cortisol concentrations ob-

served during competition confirm that official matches impose a substantially greater 

HPA axis load than training. This finding aligns with extensive evidence showing that 

psychosocial stressors—such as outcome uncertainty, social evaluation, and performance 

accountability—potentiate cortisol release beyond that a�ributable to physical exertion 

alone [3–5]. Similar anticipatory cortisol elevations have been reported in elite athletes 

across individual and team sports, including swimming, rugby, and soccer, particularly 

in contexts where competitive salience is high [1,2,6]. 

The cytokine responses observed in the present study parallel this endocrine ampli-

fication. Although both training and competition induced post-session increases in sali-

vary cytokines, competition was associated with substantially greater induction across the 

panel, including canonical pro-inflammatory mediators such as IL-6, TNF-α, and IL-1β. 

IL-6, in particular, exhibited pronounced sensitivity to competitive stress, consistent with 

its dual role as both a myokine released in response to muscular work and a stress-respon-

sive cytokine influenced by neuroendocrine signaling [7–9,13]. The exaggerated IL-6 re-

sponse during competition likely reflects the combined effects of high-intensity intermit-

tent effort, physical contact, and heightened central stress drive. 

These findings demonstrate that competition induces larger changes in cortisol and 

IgA compared with training and collectively support the concept that competition repre-

sents a qualitatively distinct physiological stimulus rather than a mere intensification of 

training load. Similar dissociations between training and competition have been reported 

in other high-contact and intermi�ent sports, where immune and endocrine perturbations 

are disproportionately amplified in competitive contexts [1,2,10–12]. 

These observations are consistent with findings in endurance sports such as cycling 

[25], where prolonged competitive load induces significant alterations in cortisol and tes-

tosterone dynamics and reflects sustained stress on both the HPA and HPG axes. Simi-

larly, high-intensity efforts in rowing competitions have been shown to elicit marked in-

creases in cortisol and acute immune redistribution, supporting the notion that competi-

tion represents a potent physiological stressor across endurance disciplines [25,26]. 

4.2. Mucosal Immunity, Oxidative Stress, and Illness Risk 

The greater post-session suppression of salivary IgA during competition is of partic-

ular relevance from a health perspective. Salivary IgA is a key component of mucosal im-

mune defense, and transient reductions following intense exercise have been linked to 

increased susceptibility to upper respiratory tract infections in athletes [10,13–15]. The 

magnified IgA decrease observed during competition suggests that repeated exposure to 

competitive stress, especially in congested match calendars, may meaningfully increase 

illness risk in water polo players. 

Comparable trends have been reported in athletics-based studies, where competitive 

phases are associated with reductions in IgA and alterations in cortisol levels, suggesting 

increased susceptibility to transient immune perturbations under intensified load [27,28]. 

In contrast, findings in swimming appear more heterogeneous, with some studies 
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reporting stable or even a�enuated cortisol responses depending on exercise intensity and 

context, highlighting the variability of endocrine–immune interactions across disciplines 

[27,28]. 

4.3. Testosterone Dynamics and Anabolic–Catabolic Balance Under Competitive Stress 

An additional relevant finding of the present study concerns the modulation of tes-

tosterone dynamics and its interaction with both cortisol and mucosal immunity. During 

training, a moderate positive association between testosterone and cortisol was observed, 

indicating coordinated activation of anabolic and catabolic endocrine pathways under 

conditions of substantial physical load but relatively lower psychosocial stress [29–33]. 

This pa�ern is consistent with integrated stress physiology models, in which multiple hor-

monal systems are co-activated to support energy mobilization, tissue turnover, and re-

covery. 

In contrast, this association was a�enuated during competition indicating a reduction 

in the strength and consistency of testosterone–cortisol coupling under heightened psy-

chosocial load [34,35]. Notably, this occurred despite the marked increase in cortisol ob-

served during competitive matches, suggesting that anabolic signaling does not scale pro-

portionally with catabolic activation. Such divergence may reflect stress-related modula-

tion of the hypothalamic–pituitary–gonadal axis [34,36,37], or a shift toward prioritization 

of immediate energy availability over anabolic maintenance in high-pressure contexts 

[34,36,37]. 

Further insight is provided by the analysis of testosterone–IgA relationships. During 

training, a weak but significant inverse association was observed, indicating a modest in-

teraction between anabolic signaling and mucosal immune function [38,39]. In contrast, 

this relationship was not evident during competition, suggesting a loss of coordinated 

regulation between testosterone and immune markers under competitive stress. Im-

portantly, cortisol–IgA coupling remained robust and was amplified during competition, 

highlighting the dominant role of HPA axis activation in mediating mucosal immune sup-

pression [27,40]. 

Consistently, the testosterone-to-cortisol (T/C) ratio was reduced and more variable 

during competition, reflecting a shift toward catabolic predominance [27,40]. Together 

with the a�enuation of testosterone–cortisol and testosterone–IgA associations, these find-

ings suggest a context-dependent reorganization of endocrine–immune interactions. Spe-

cifically, competitive stress appears to preserve or strengthen catabolic–immune coupling 

while weakening anabolic integration, consistent with a partial decoupling of stress-reg-

ulatory systems under high psychosocial load [37]. 

4.4. Cytokine–Cortisol Coupling and Stress Integration 

An important novel observation of this study is the presence of positive within-ses-

sion correlations between cortisol and selected cytokines during training. This pa�ern 

suggests tightly coordinated regulation between HPA axis activation and immune signal-

ing under conditions of substantial physical exertion but relatively moderate psychosocial 

stress. Such coupling is consistent with models of integrated stress physiology, in which 

glucocorticoids and cytokines act in concert to mobilize energy substrates, regulate in-

flammation, and facilitate recovery [7,8,17–19]. 

Interestingly, these associations appeared less consistent during competition, despite 

larger absolute responses. This apparent partial decoupling under high psychosocial load 

may reflect nonlinear dynamics, timing mismatches between endocrine and immune sig-

naling, or saturation effects at higher stress levels. Similar phenomena have been de-

scribed in both athletic and clinical se�ings, where excessive or repeated stress exposure 

disrupts otherwise coordinated neuroendocrine–immune crosstalk [20–23]. These 
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findings warrant further investigation using higher-resolution sampling and modeling 

approaches. 

4.5. Applied Implications for Monitoring and Load Management 

From an applied standpoint, the integration of salivary cortisol, cytokines, and IgA 

represents a practical, non-invasive framework for monitoring athlete stress and recovery 

in elite water polo. Saliva-based biomarkers are particularly well suited to aquatic envi-

ronments, where venous sampling is impractical and compliance with frequent testing is 

limited. 

Multimarker profiling may allow practitioners to identify athletes experiencing dis-

proportionate competitive stress responses, inform individualized load management 

strategies, and potentially mitigate illness risk associated with repeated mucosal immune 

suppression. Similar approaches have proven valuable in other elite sport se�ings, where 

biomarker-informed decision-making has been used to optimize performance while safe-

guarding athlete health [1,2,21,22]. 

4.6. Limitations and Strengths 

Some limitations should be acknowledged. First, the study group is limited due to 

small sample size, lack of female participants and single team cohort, which may restrict 

the generalizability of the findings. These factors should be considered when interpreting 

the results, as neuroendocrine and immune responses may vary across different popula-

tions. Future studies including more diverse cohorts are warranted. Second, positional 

role, actual playing time, and fine-grained external load metrics were not explicitly mod-

eled and should be incorporated into future mixed-effects or multilevel frameworks. 

Nevertheless, the study has notable strengths, including high ecological validity, syn-

chronized evening sampling to control for circadian effects, and a comprehensive multi-

marker approach spanning endocrine, and immune pathways. Importantly, the within-

subject comparison of training and competition provides a powerful design for isolating 

the effects of competitive context. 

Although blood sampling is generally considered the reference method for assessing 

endocrine and immune biomarkers, salivary sampling provides a noninvasive, stress-free, 

and field-applicable alternative that is particularly suitable in athletic se�ings. Im-

portantly, salivary cortisol reflects the biologically active free fraction, and salivary cyto-

kines and IgA have been widely used as indicators of mucosal immunity [24,39,41–43]. 

Nevertheless, differences in concentrations and kinetics between saliva and blood should 

be acknowledged [43], and future studies combining both matrices would provide a more 

comprehensive evaluation of neuroendocrine–immune interactions. 
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