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Introduction
Anxiety is a key psychological factor in competitive sport that interacts with physiological stress responses. By modulating neuroendocrine and neurotransmitter activity, it may influence how athletes adapt to maximal effort and recover afterward. The study addressed the gap in understanding how pre-exercise anxiety affects the recovery dynamics of these responses in elite endurance athletes.
Materials and methods
Sixteen highly trained male rowers performed a standardized 2000-m maximal ergometer test and were classified into Low (n = 8) and High anxiety (n = 8) groups based on pre-exercise Sport Competition Anxiety Test (SCAT; low <25, high ≥25) scores using established interpretive guidelines. Venous blood was collected before, immediately after, 1 h, and 24 h post-exercise. Serum cortisol, testosterone, serotonin, dopamine, β-endorphin, anandamide (AEA), and 2-arachidonoylglycerol (2-AG) were analyzed. Testosterone-to-cortisol (T/C) and serotonin-to-dopamine (S/D) ratios were calculated as indices of anabolic-catabolic balance and serotonergic-dopaminergic regulation.
Results
Cortisol increased post-exercise in both groups and remained elevated at 24 h, with prolonged elevation in the High anxiety group (+17.9% vs. +7.8%; p = 0.03). Testosterone peaked at 1 h, with a larger rise in the High anxiety group (+42.2% vs. +31.5%; p = 0.02). β-endorphin increased post-exercise in both groups (p < 0.01). Serotonin remained higher and dopamine recovered more slowly in the High anxiety group (p < 0.05). Performance time during the 2000-m test was comparable between groups.
Conclusion
Anxiety level measured before maximal rowing was associated with distinct endocrine and neuromodulatory response patterns, indicating greater internal load despite similar external performance. These findings may support individualized recovery strategies in high-performance sport. The sample size and elite-athlete characteristics may limit the broader applicability of the findings.
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INTRODUCTION
In high-performance sports, athletes are simultaneously exposed to systemic load resulting from physical exertion and psychological stress associated with competitive pressure (Armstrong et al., 2022). These stressors do not act in isolation; rather, they accumulate and interact through shared neuroregulatory and autonomic mechanisms, influencing both performance outcomes and recovery dynamics (Tossici et al., 2024). When unmanaged, this cumulative stress load may impair the body’s ability to restore homeostasis after exertion, increasing susceptibility to fatigue, injury, or performance stagnation (Aydemir et al., 2025). Prolonged exposure to overlapping physical and mental stressors has also been implicated in maladaptive responses such as functional overreaching or overtraining syndrome (Armstrong et al., 2022). These risks underscore the need to consider both physical and psychological dimensions when evaluating an athlete’s health and recovery status (Purvis et al., 2010).
These neuroendocrine stress-response pathways are particularly relevant in endurance sports, where sustained high-intensity effort imposes prolonged metabolic, neuromuscular, and psychological load. Among endurance disciplines, competitive rowing combines aerobic and anaerobic output at high intensity, engaging nearly all muscle groups. Elite rowers demonstrate remarkably high maximal oxygen uptake (VO2max) approaching 7 L/min. This full-body effort induces extreme physiological stress, severely reducing blood pH and arterial oxygen saturation, while demanding vast pulmonary ventilation (up to 270 L/min) and cardiac output (potentially 40 L/min). Furthermore, maximal effort challenges the central nervous system (CNS), evidenced by a ∼10% decrease in cerebral oxygenation, underscoring the profound systemic demands of this sport (Winkert et al., 2022).
In response to such intense physical exertion, multiple neuroendocrine systems are activated. The hypothalamic-pituitary-adrenal (HPA) axis increases the release of glucocorticoids, such as cortisol, while the hypothalamic-pituitary-gonadal (HPG) axis modulates anabolic hormones, including testosterone (Tossici et al., 2024). Hormonal shifts support adaptation, but if dysregulated, they impair recovery and performance. Specifically, acute, high-intensity exercise typically elicits a significant increase in cortisol level reflecting the body’s immediate stress response and its mobilization of energy substrates to meet the demands of exertion (Hackney and Walz, 2013; Kayacan et al., 2020).
Beyond hormonal regulation, activation of the HPA axis is closely integrated with central neuromodulatory pathways, meaning that stress-related endocrine output and neurotransmitter signaling operate as a coordinated system shaping effort perception, motivation, and recovery. The central nervous system’s response to intense exercise is characterized by changes in neurotransmitter concentrations that modulate effort and contribute to the development of fatigue (Meeu et al., 2021).
Dopamine supports motivation, reward processing, and central drive. Its acute elevation during high-intensity exercise enhances performance capacity, yet sustained or repeated effort can deplete dopaminergic tone, contributing to reduced exercise tolerance and impaired decision-making under fatigue (Basso and Suzuki, 2017). In contrast, serotonin tends to rise progressively during prolonged exertion. Although involved in mood regulation, excessive serotonergic activation, particularly in relation to dopamine, has been linked to central fatigue, reduced arousal, and increased perceived effort, ultimately limiting the ability to sustain maximal output (Cordeiro et al., 2017; Meeusen et al., 2006). In parallel, β-endorphin, released in response to intense physiological stress, functions as an endogenous opioid that reduces pain perception and facilitates continued exertion under high physical load. While beneficial in the short term, an excessive β-endorphin response may mask excessive fatigue, delaying self-regulation and increasing the risk of overexertion or injury (Boecker et al., 2008).
These acute biochemical responses are adaptive; however, inadequate recovery, prolonged psychological stress, or excessive training load can disrupt this balance and impair athletes’ physical and mental health (Meeusen et al., 2013; Kellmann et al., 2018). Understanding these neurochemical dynamics is therefore crucial for optimizing individualized training loads, preventing maladaptive responses, and supporting recovery in high-performance endurance athletes (Halson, 2014).
Several studies indicate that anxiety alone, even in the absence of physical effort, can activate the HPA axis and elevate cortisol and β-endorphin levels before competition, reflecting anticipatory stress responses (van Paridon et al., 2017; Carrasco Páez and Martínez-Díaz, 2021). In elite athletes, heightened trait anxiety has been associated with stronger endocrine reactivity and altered cortisol awakening responses, suggesting reduced adaptive coping capacity under repeated stress (MacDonald and Wetherell, 2019). Moreover, the interpretation of anxiety itself appears relevant, as athletes who appraise anxiety as harmful show stronger cortisol responses than those who view it as facilitative (Turner and Raglin, 1996). Collectively, these findings suggest that psychological readiness may modulate the neuroendocrine response to maximal rowing effort and subsequent recovery, providing the rationale for the present study.
As mentioned above, acute exercise activates the HPA and HPG axes, producing fluctuations in cortisol and testosterone that reflect the balance between catabolic and anabolic processes during and after maximal effort (Cadegiani and Kater, 2017; Hackney, 2020). These endocrine shifts occur alongside changes in serotonin and dopamine, which help regulate motivation and affect during high physiological load (Roelands and Meeusen, 2010). Although these mechanisms are well characterized, much less is known about how pre-competition anxiety influences their recovery dynamics, despite evidence that psychological load can alter stress reactivity and internal load perception (Yang et al., 2024; Li et al., 2025). This dysregulation can impair performance-related behaviors and slow recovery (Basso and Suzuki, 2017).
Against this background, it remains unclear how anxiety shapes the hormonal and neuromodulatory response profile across the mobilization-fatigue-recovery continuum. Clarifying these effects could help guide recovery protocols and psychological strategies for athletes. Understanding these interactions is important for explaining how psychological readiness influences physiological regulation during intense exercise and for developing practical approaches to support performance and athletes' wellbeing.
Although prior studies have examined acute neuroendocrine responses to exercise and the influence of anxiety on stress reactivity, much less is known about how anxiety affects the 24-h recovery dynamics of these systems following maximal effort in elite athletes. This temporal perspective is crucial because recovery processes largely determine training adaptation and perceived internal load.
The present study addresses this gap by combining psychological profiling (SCAT) with time-resolved endocrine and neuromodulatory assessments (pre-exercise, post-exercise, 1 h, and 24 h). This approach provides one of the first characterizations of anxiety-related recovery patterns following maximal rowing effort in elite rowers. We hypothesized that higher pre-competition anxiety would be associated with distinct hormonal and neuromodulatory responses across the 24 h.
Hence, the study aimed to assess whether the anxiety level assessed before a standardized maximal rowing test modulates the acute and 24-h endocrine and neuromodulatory responses in elite rowers. Specifically, we compared changes in cortisol, testosterone, serotonin, dopamine, β-endorphin, anandamide (AEA) and 2-arachidonoylglycerol (2-AG), and the testosterone-to-cortisol (T/C) and serotonin-to-dopamine (S/D) ratios across four time points (pre, immediately post, 1 h, 24 h) between athletes classified as low vs. high anxiety (SCAT <25 vs. ≥ 25).
MATERIALS AND METHODS
Ethical approval
The study was approved by the Bioethical Committee of the Poznan University of Medical Sciences (decision no. 685/23, 2023) and conducted in accordance with the Declaration of Helsinki. It was registered on ClinicalTrials.gov (no. NCT06917677). All participants were informed about the study procedures and potential risks and provided written informed consent before participation. Participation was voluntary, and each athlete had the right to withdraw from the study at any time without giving a reason.
Participants
Sixteen trained male rowers from the Polish Youth National Rowing Team took part in this study. All were medically fit, without any acute or chronic health problems. Inclusion criteria were: at least 5 years of rowing training experience, active membership in the national youth team, completion of a standardized 2000-m ergometer test, and completion of psychological questionnaires assessing anxiety levels. Exclusion criteria included the presence of acute or chronic inflammation, pain or injury, use of anti-inflammatory medications, or non-compliance with the study protocol.
Participants were classified into Low and High Anxiety groups based on their scores on a standardized questionnaire assessing competitive anxiety. This psychological assessment was conducted immediately before the exercise test. Equal group sizes occurred naturally based on the SCAT classification within the national team cohort; no artificial balancing or matching was applied (Table 1).
TABLE 1 | Participant characteristics, anxiety scores, and 2000 m rowing test outcomes (mean ± SD).		Low anxiety (n=8)	High anxiety (n=8)	P value
	SCAT	18.71 ± 1.89	30.71 ± 1.38	<0.0001
	CSAI-2 Cognitive	1.42 ± 0.42	2.45 ± 0.47	0.0078
	CSAI-2 Somatic	1.4 ± 0.32	2.02 ± 0.39	0.0176
	CSAI-2 Confidence	2.75 ± 0.75	2.75 ± 0.62	1.0000
	Age (years)	20.75 ± 0.71	20.13 ± 1.12	0.1395
	Body mass (kg)	88.53 ± 8.21	87.90 ± 7.29	0.8931
	Height (m)	191.13 ± 4.74	190.63 ± 5.02	0.8572
	%Fat	11.26 ± 6.19	9.8 ± 3.45	0.8811
	Fat free Mass (kg)	81.01 ± 7.04	79.18 ± 5.80	0.6072
	Time of exercise (s)	373.7 ± 5.55	373.86 ± 10.69	0.9748
	Power (W)	430 ± 19.14	437.36 ± 35.76	0.9825
	LAmin (nmol/L)	2.14 ± 0.44	2.06 ± 0.73	0.7246
	LAmax (nmol/L)	10.15 ± 1.28	10.72 ± 2.59	0.9044


SCAT, Sport Competition Anxiety Test; CSAI-2, Competitive State Anxiety Inventory-2 (Cognitive, Somatic, Confidence subscales); LA, blood lactate; LAmin, minimum lactate; LAmax, maximum lactate. Bolded values indicate statistically significant differences between groups (p < 0.05).
Anthropometric and Body Composition Assessments
Anthropometric measurements, including body mass and composition, were taken before the exercise test using a calibrated scale (Tanita BC-980 MA, Tokyo, Japan) to the nearest 0.05 kg, and body height was measured to the nearest 0.1 cm with a SECA stadiometer (SECA GmbH and Co. KG, Hamburg, Germany) (Table 1).
Study design
Performance test protocol
The rowing performance test was conducted at the beginning of the preparatory phase of the annual training cycle. Following a 5-min individualized warm-up, athletes completed a 2000-m maximal-effort test on a Concept2 rowing ergometer (Concept2 Inc., Morrisville, VT, United States). The 2000-m rowing ergometer test is widely recognized as a valid and competition-relevant performance assessment in elite rowing (Ingham et al., 2002; Cerasola et al., 2020). The ergometer trial served as an official qualifying criterion for the upcoming World Championships. As a decisive selection test, it placed athletes under strong motivational and psychological pressure, like that they experienced before major competitions. This context supported the division into Low and High anxiety groups and allowed analysis of how anxiety influenced physiological responses under competitive conditions.
Before blood collection, all athletes completed the SCAT (Sport Competition Anxiety Test) and CSAI-2 (Competitive State Anxiety Inventory-2) questionnaires to assess their psychological state. Venous blood samples were collected from the cubital vein at four time points: before the exercise (pre-exercise), immediately after the test (post-exercise), after a 1-h recovery period (1 h Recovery), and 24 h following the test (24 h Recovery) (Figure 1). All testing was performed between 08:00 and 10:00 a.m. to minimize circadian variation in hormonal secretion. Participants refrained from caffeine and alcohol for 24 h before testing. Nutrition, sleep, and daily routines were naturally standardized, as all athletes lived and trained together in the same national team training camp environment.
[image: Flowchart presenting the study design from initial screening to final recovery. The diagram shows pre-exercise procedures including anthropometric assessments and completion of anxiety questionnaires, followed by a five-minute warm-up. A maximal 2000-meter rowing ergometer test is shown in the center of the diagram. Post-exercise assessments include two recovery periods: 1 hour and 24 hours. Blood drop icons mark the specific time points at which blood samples were collected. Arrows guide the progression through each stage, outlining the order of activities and the timing of sample collection throughout the protocol.]FIGURE 1 | Study design.Blood analysis
Venous blood samples were collected from the antecubital vein by a trained phlebotomist under standardized conditions at four time points (Pre-exercise, Post-exercise, 1 h Recovery, 24 h Recovery). To minimize the influence of diurnal fluctuations, all blood samples were collected at the same time of day in both groups. The blood was drawn into S-Monovette® serum collection tubes containing a clot activator (Sarstedt AG and Co. KG, Nümbrecht, Germany) using the vacuum system. Following collection, the samples were allowed to clot at room temperature and were subsequently centrifuged at 3000 rpm for 10 min to separate the serum. The serum was aliquoted into microtubes and immediately stored at −80 °C until further biochemical analysis. All procedures were performed in accordance with relevant biosafety standards and under standardized conditions to minimize pre-analytical variability.
Serum concentrations of testosterone and cortisol were measured using enzyme-linked immunosorbent assay (ELISA) kits supplied by DiaMetra (Spello, Italy), according to the manufacturer’s instructions. The analytical sensitivity of the assays was 0.10 ng/mL for testosterone and 2.42 ng/L for cortisol. Serum levels of serotonin, dopamine, β-endorphin (β-EP), anandamide (AEA), and 2-arachidonoylglycerol (2-AG) were determined using ELISA kits from SunRed Biotechnology Company (Shanghai, China), following the manufacturer’s protocols. The detection sensitivities were as follows: serotonin - 0.388 ng/mL, dopamine - 7.043 nmol/L, β-endorphin - 2.451 ng/mL, anandamide - 7.125 ng/mL, and 2-AG - 0.105 ng/L. All analyses were performed using a SPECTROstar Nano microplate reader (BMG Labtech, Germany).
The testosterone-to-cortisol (T/C) and serotonin-to-dopamine (S/D) ratios were calculated to assess anabolic-catabolic and serotonin-dopamine balance.
Lactate concentration (LA) was assessed in capillary blood samples collected immediately after exercise using the Lactat Photometer and a commercially available diagnostic kit (Diaglobal GmbH, Berlin, Germany), according to the manufacturer’s instructions.
Psychological assessment
To assess the psychological state of the athletes before the exercise test, two standardized questionnaires were administered: the Sport Competition Anxiety Test and the Competitive State Anxiety Inventory-2. Both instruments are widely used in sport psychology to evaluate trait and state anxiety associated with competitive performance. Both measures are widely used to assess trait and state anxiety in competitive contexts, and the Polish adaptations employed in this study have demonstrated satisfactory psychometric properties (Borek-Chudek, 2012; Borek-Chudek, 2019).
The questionnaires were administered in their validated Polish paper-and-pencil versions under standardized conditions, immediately before blood sampling. All participants completed the forms individually in a quiet, controlled environment under the supervision of a trained psychologist.
For group classification, SCAT scores were interpreted according to the original guidelines by Martens et al. (Martens, 1977), distinguishing lower versus higher competitive anxiety. A cut-off score of 25 was applied, reflecting a well-established threshold commonly used in sport psychology research to identify athletes with elevated trait competitive anxiety. Equal group sizes (n = 8 per group) emerged naturally within the national team cohort.
Statistical analysis
All statistical analyses were performed using Statistica 13 (TIBCO Software Inc., Palo Alto, CA, United States), and visualizations were generated in GraphPad Prism 8.4.0 (GraphPad Software Inc., La Jolla, CA, United States). Data are presented as mean ± standard deviation (SD), and statistical significance was set at p < 0.05. The normality of data distribution was assessed using the Shapiro-Wilk test. To compare group differences over time and evaluate their interaction, a two-way repeated-measures ANOVA (group × time) was conducted for normally distributed variables. Post-hoc pairwise comparisons were adjusted using the Holm–Bonferroni procedure. Additionally, for each anxiety group (High vs. Low), differences across the four time points (Pre-exercise, Post-exercise, 1 h Recovery, 24 h Recovery) were analyzed using one-way repeated-measures ANOVA for normally distributed variables. Mauchly’s test was applied to verify sphericity; if violated, the Greenhouse–Geisser correction was used. For non-normally distributed data, the Friedman test was used as a non-parametric alternative for within-group comparisons over time, while between-group comparisons at individual time points were evaluated using independent t-tests or Mann-Whitney U tests, as appropriate. Effect sizes were reported alongside p-values to assess the magnitude of observed changes. For ANOVA models, partial eta squared (η2p) was calculated and interpreted using Cohen’s conventional guidelines: small (≥0.01), medium (≥0.06), and large (≥0.14). For pairwise comparisons, Cohen’s d was used: trivial (<0.2), small (0.2–0.49), moderate (0.5–0.79), and large (≥0.8). Effect size interpretation was emphasized, given the limited sample size (Cohen, 1988). The testosterone-to-cortisol ratio (T/C) and serotonin-to-dopamine (S/D) ratio were calculated as the proportion of total testosterone to total cortisol and total serotonin to total dopamine concentrations, respectively. Relative changes from baseline were expressed as percentage differences calculated as valuetime−valuebaseline/valuebaseline×100. There was no missing data.
Statistical considerations
The number of participants was constrained by the limited availability of elite-level athletes who fulfilled the inclusion criteria. Consequently, a priori power analysis (e.g., G*Power) was not feasible. Instead, the study design prioritized the methodological rigor of examining a rare, homogeneous cohort of highly trained athletes subjected to a standardized training regimen. In this context, emphasis was placed on within-subject patterns and effect size interpretation rather than on broad statistical generalizability.
RESULTS
Hormonal responses
Both groups demonstrated significant exercise-induced changes in neuroendocrine and neurotransmitter markers, but the magnitude and recovery patterns differed depending on anxiety level.
For cortisol, a significant main effect of time (p = 0.0035, η2p = 0.21) and group (p = 0.0092, η2p = 0.14) was found. Cortisol concentrations increased immediately after exercise in both groups, with a large within-group effect in the Low anxiety group (Pre → Post: d = 1.03) and a smaller effect in the High anxiety group (d = 0.47). At 1 h of recovery, cortisol remained elevated above baseline in both groups (Pre → 1 h: d = 1.06 Low; d = 0.80 High). After 24 h, cortisol values remained elevated in both groups, with a stronger sustained response in the High anxiety group (Pre → 24 h: d = 1.43) compared with the Low anxiety group (d = 0.81). At 24 h, cortisol was significantly higher in the High anxiety group compared with the Low anxiety group (p < 0.05), indicating a more prolonged stress response. Overall, the High anxiety group showed higher cortisol concentrations across recovery, indicating greater and more prolonged HPA axis activation (Figure 2; Table 2).
[image: Three line graphs display cortisol, testosterone, and the testosterone/cortisol ratio at four time points: pre-exercise, post-exercise, 1-hour recovery, and 24-hour recovery. Low-anxiety athletes are shown with grey circles and dashed lines, and high-anxiety athletes with black squares and solid lines. Each graph presents mean values with error bars. Cortisol and testosterone plots show visible time-related increases, with group differences indicated by asterisks and hash symbols. The testosterone/cortisol ratio graph follows a similar pattern, illustrating changes across all stages. Text within each subplot displays p-values for time and group effects.]FIGURE 2 | Cortisol, testosterone, and T/C ratio in low- and high-anxiety athletes. Note: Symbols denote statistically significant differences: *p < 0.05, **p < 0.01, ***p < 0.001 for changes over time within groups; #p < 0.05, for differences between groups at the same time point.TABLE 2 | Cohen’s d effect sizes for hormonal and neurotransmitter markers.		Anxiety	Pre vs. Post	Pre vs. 1 h	Pre vs. 24 h	Post vs. 1 h	Post vs. 24 h	1 h vs. 24 h
	Cortisol	Low	1.03	1.06	0.81	0.10	0.30	0.23
	High	0.47	0.80	1.43	0.37	0.82	0.31
	Testosterone	Low	0.54	2.23	0.05	1.52	0.49	2.14
	High	0.68	2.50	0.18	1.03	0.76	2.54
	T/C ratio	Low	0.28	0.02	0.52	0.35	0.16	0.40
	High	0.40	1.64	1.18	0.73	1.12	2.64
	Serotonin	Low	0.61	1.63	0.06	1.93	0.63	1.50
	High	1.27	0.29	0.45	0.69	0.72	0.08
	Dopamine	Low	3.14	1.62	0.82	0.91	2.06	0.88
	High	2.64	1.09	0.76	0.86	1.50	0.41
	S/D ratio	Low	2.04	2.26	0.63	0.07	1.49	1.65
	High	1.86	0.94	0.53	0.33	0.78	0.33
	β-EP	Low	2.28	0.48	0.24	1.13	1.17	0.15
	High	1.92	1.87	0.19	0.86	1.74	1.57
	AEA	Low	0.12	0.23	0.30	0.12	0.19	0.06
	High	0.09	0.22	0.22	0.04	0.06	0.04
	2-AG	Low	0.78	0.91	0.30	0.37	0.42	0.60
	High	0.24	0.28	0.72	0.49	0.51	0.91


Effect size thresholds: trivial (<0.2), small (0.2–0.49), moderate (0.5–0.79), large (≥0.8). T/C, testosterone-to-cortisol ratio; S/D, serotonin-to-dopamine ratio; β-EP, beta-endorphin; AEA, anandamide; 2-AG, 2-arachidonoylglycerol.
For testosterone, a significant main effect of time (p < 0.0001, η2p = 0.22) and group (p = 0.0106, η2p = 0.15) was observed. Testosterone concentrations increased significantly post-exercise, reaching peak values at 1 h recovery in both groups, with large effects (Pre → 1 h: d = 2.23 in the Low anxiety group; d = 2.50 in the High anxiety group). The relative increase was greater in the High anxiety group (+42.2%) compared with the Low anxiety group (+31.5%). At 1 h, the High anxiety group showed significantly higher testosterone levels than the Low anxiety group (p < 0.05). After 24 h, testosterone returned near baseline in the Low anxiety group (Pre → 24 h: d = 0.05), whereas in the High anxiety group it declined below baseline (Pre → 24 h: d = 0.18), indicating a less favorable anabolic recovery profile in athletes with higher pre-exercise anxiety (Figure 2; Table 2).
For the T/C ratio, a significant main effect of time was detected (p < 0.0001, η2p = 0.24). The T/C ratio increased significantly after 1 h recovery in both groups with large within-group effects (Pre → 1 h: Low d = 1.40; High d = 1.64), and the relative elevation was greater in the High anxiety group (+35.6%) compared with the Low anxiety group (+19.6%). At 1 h, the T/C ratio was significantly higher in the High anxiety group than in the Low anxiety group (p < 0.05). By 24 h, the T/C ratio declined below baseline in both groups, with large within-group decreases (Pre → 24 h: Low d = 1.18; High d = 1.12), and the reduction was more pronounced in the High anxiety group (−24.3%) than in the Low anxiety group (−6.6%), resulting in a significantly lower T/C ratio at 24 h in the High anxiety group (p < 0.05), indicating a less favorable anabolic-catabolic recovery profile among athletes with higher pre-exercise anxiety (Figure 2; Table 2).
Neuromodulatory responses
For serotonin, a significant main effect of time (p < 0.0001,η2p = 0.27) and group (p = 0.0106, η2p = 0.14) was observed. Serotonin levels increased immediately after exercise in both groups (+18.4% Low anxiety; +25.7% High anxiety) with large within-group effects (Pre → Post: d = 0.61 Low; d = 1.27 High). After 1 h of recovery, serotonin significantly decreased, falling below baseline in the Low anxiety group (−4.8%; Pre → 1 h: d = 1.63), whereas in the High anxiety group, the decrease was more gradual and levels remained elevated above baseline (+9.6%; Pre → 1 h: d = 0.29). At 24 h, serotonin returned near baseline in the Low anxiety group (Pre → 24 h: d = 0.06) and remained slightly elevated in the High anxiety group (Pre → 24 h: d = 0.45), indicating more sustained serotonergic activation in athletes with higher pre-exercise anxiety (Figure 3; Table 2).
[image: Three line graphs illustrate serotonin, dopamine, and the serotonin/dopamine ratio at four stages: pre-exercise, post-exercise, 1-hour recovery, and 24-hour recovery. Low-anxiety athletes are represented by grey circles and dashed lines, and high-anxiety athletes by black squares and solid lines. Error bars display variability around mean values. Serotonin and dopamine graphs show visible fluctuations across time, with significance markers indicated by asterisks and hash symbols. The ratio plot reflects similar time-based changes in both groups. Above each plot, p-values for time and group effects are shown as text elements.]FIGURE 3 | Serotonin, dopamine, and S/D ratio in low- and high-anxiety athletes. Note: Symbols denote statistically significant differences: *p < 0.05, **p < 0.01 for changes over time within groups; #p < 0.05, for differences between groups at the same time point.For dopamine, a significant main effect of time (p < 0.0001, η2p = 0.29) and group (p = 0.0053, η2p = 0.16) was observed. Dopamine increased immediately after exercise in both groups, with very large within-group effects (Pre → Post: d = 3.14 in the Low anxiety group; d = 2.64 in the High anxiety group). At 1 h of recovery, dopamine remained elevated above baseline in both groups (Pre → 1 h: d = 1.62 Low; d = 1.09 High). At 24 h, dopamine declined toward or slightly below baseline in both groups (Pre → 24 h: d = 0.82 Low; d = 0.76 High), with slower normalization in the High anxiety group, indicating more prolonged dopaminergic engagement in athletes with higher pre-exercise anxiety (Figure 3; Table 2).
For the serotonin/dopamine ratio, a significant main effect of time (p = 0.0003, η2p = 0.27) was observed. The S/D ratio increased significantly after exercise, in both groups (Pre → Post: d = 2.04 in the Low anxiety group; d = 1.86 in the High anxiety group), reflecting acute serotonergic dominance during maximal effort. At 1 h of recovery, the ratio remained elevated, with a larger effect in the Low anxiety group (Pre → 1 h: d = 2.26) compared with the High anxiety group (d = 0.94). By 24 h, the S/D ratio declined toward baseline in both groups (Pre → 24 h: d = 0.63 Low; d = 0.53 High). Across all time points, the High anxiety group exhibited a consistently higher S/D ratio (p < 0.05), indicating a more pronounced and sustained serotonergic relative to dopaminergic activity pattern during recovery (Figure 3; Table 2).
Endocannabinoids
For β-endorphin, a significant main effect of time (p < 0.0001, η2p = 0.30) and group (p = 0.0255, η2p = 0.12) was observed. β-endorphin concentrations increased significantly immediately after exercise in both groups, rising by +50% in the Low anxiety group (Pre → Post: d = 2.28) and by +67% in the High anxiety group (d = 1.92). At 1 h of recovery, β-endorphin declined but remained above baseline, with a +17% elevation in the Low anxiety group (Pre → 1 h: d = 0.48) and a +33% elevation in the High anxiety group (d = 1.87). Post-exercise and 1 h values were significantly higher in the High anxiety group compared with the Low anxiety group (p < 0.05). By 24 h, β-endorphin returned to baseline in the Low anxiety group (≈0% change, d = 0.24), whereas the High anxiety group showed a small residual elevation (+17%, d = 0.19), indicating that the opioidergic response resolved within 24 h but was more sustained in athletes with higher anxiety (see Figure 4; Table 2).
[image: Three line graphs show β-endorphin, anandamide, and 2-arachidonoylglycerol concentrations across pre-exercise, post-exercise, 1-hour recovery, and 24-hour recovery. Low-anxiety athletes appear as grey circles with dashed lines, and high-anxiety athletes as black squares with solid lines. Mean values are shown with error bars. The β-endorphin graph displays a visible post-exercise increase with significance markers marked by asterisks. Anandamide and 2-arachidonoylglycerol graphs show smaller fluctuations across time. Text inside each subplot provides p-values for time and group effects.]FIGURE 4 | β-endorphin, anandamide, and 2-arachidonoylglycerol in low- and high-anxiety athletes. Note: Symbols denote statistically significant differences: *p < 0.05, **p < 0.01 for changes over time within groups; #p < 0.05, for differences between groups at the same time point.For AEA, no significant effects of time, group, or group × time interaction were observed. AEA levels showed only small fluctuations across the measurement time points in both groups. Immediately after exercise, AEA increased by approximately 3%–6% relative to baseline in both the Low anxiety group (Pre → Post: d = 0.12) and the High anxiety group (d = 0.09). At 1 h, concentrations remained slightly elevated (Pre → 1 h: d = 0.23 in the Low anxiety group; d = 0.22 in the High anxiety group), and by 24 h they returned to values comparable to baseline (Pre → 24 h: d = 0.30 and d = 0.22, respectively). These findings indicate that the endocannabinoid response to maximal exercise was small and transient and did not differ between anxiety groups (Figure 4; Table 2).
For 2-AG, no significant effects of time, group, or group × time interaction were observed. 2-AG increased modestly after exercise in both the Low anxiety group and the High anxiety group, corresponding to an approximate +5–12% elevation (Pre → Post: d = 0.78 in the Low anxiety group; d = 0.24 in the High anxiety group). At 1 h of recovery, 2-AG remained slightly elevated (Pre → 1 h: d = 0.91 in the Low anxiety group; d = 0.28 in the High anxiety group). By 24 h, 2-AG levels approached baseline in both groups (Pre → 24 h: d = 0.30 and d = 0.72, respectively). Overall, the endocannabinoid response was small and did not differ between the Low and High anxiety groups (Figure 4; Table 2).
DISCUSSION
Cortisol reactivity to maximal effort reflected the interaction between physiological and psychological stressors. In the present study, the High anxiety group exhibited greater post-exercise cortisol increases and a delayed return to baseline compared to Low anxiety athletes, consistent with the notion that psychological stress increases HPA stress may augment HPA reactivity in athletes. (MacDonald and Wetherell, 2019). This prolonged recovery pattern suggests enhanced HPA activation in athletes with higher anxiety. Typically, in elite rowers, post-exercise cortisol rises but then returns to baseline (Rämson et al., 2009). However, with repeated maximal tests, cumulative elevations can occur, reflecting competition-related psychophysiological load. Recent frameworks emphasize the interdependence of performance fatigability and perceived fatigability in humans (Behrens et al., 2023). While training usually attenuates the acute response, high life stress may instead prolong elevations and impair recovery.
Sustained elevations of cortisol are also associated with maladaptive training responses (Hackney and Walz, 2013) and may contribute to enduring subjective fatigue; in our previous studies on MMA athletes, significant fatigue persisted despite partial biochemical recovery, including declining cortisol (Ostapiuk-Karolczuk et al., 2025). Beyond acute responses, chronic stress or heightened anxiety can additionally blunt the cortisol awakening response, indicating broader HPA dysregulation that, if recurrent, may promote functional overreaching or overtraining (Aydemir et al., 2025; Purvis et al., 2010).
Testosterone typically rises transiently after high-intensity rowing and returns toward baseline within 24 h (Kraemer and Ratamess, 2005; Jürimäe et al., 2004). In our study, athletes in both groups exhibited a significant post-exercise rise in testosterone with a 1-h peak. However, High-anxiety athletes showed a larger increase followed by a sharper decline at 24 h, whereas Low-anxiety athletes maintained a more stable recovery pattern.
The T/C ratio followed a similar temporal profile, increasing at 1 h and falling below baseline at 24 h in both groups, indicating transient anabolic activation followed by recovery-related suppression. These results align with previous observations of short-lived testosterone elevations following intense effort (Dote-Montero et al., 2021; Ficarra et al., 2024) and extend them by showing that anxiety modulates the magnitude, but not the duration, of this response. Taken together, our data suggest that anxiety amplifies the early androgenic response to maximal effort without altering overall 24-h recovery kinetics, reflecting transient modulation of HPG activity rather than a sustained shift in the anabolic-catabolic equilibrium.
During endurance exercise, serotonin usually increases during and shortly after activity, mainly due to greater availability of tryptophan in the brain and enhanced central serotonin synthesis (Meeu et al., 2021). Zimmer et al. (2016) reported higher serum serotonin following acute intensive aerobic work versus control, and Cordeiro et al. (2017) concluded that elevations, or transient rises near exhaustion, are common, although they show protocol-dependent heterogeneity. Effects on performance are not uniform and depend on intensity, duration, thermal load, and interindividual characteristics (Meeusen et al., 2006; Heijnen et al., 2016).
Dopamine activity, linked to motivation and central drive, rises with increasing task intensity and proximity to exhaustion, often more strongly in well-trained athletes (Basso and Suzuki, 2017; Bracken et al., 2005). However, some protocols report no peripheral changes, highlighting the influence of methodological differences. These findings support central fatigue models emphasizing transmitter balance: a higher serotonin-to-dopamine ratio (S/D) is associated with greater perceived tiredness and reduced arousal, whereas a lower S/D favors sustained effort (Cordeiro et al., 2017; Meeusen et al., 2006).
In the present study, serotonin increased immediately post-exercise and remained elevated at 1 h in both groups, but the subsequent recovery profiles diverged. In the Low anxiety group, serotonin fell rapidly below baseline after 1 h and remained suppressed at 24 h, whereas in the High anxiety group, the decline was more gradual, resulting in comparatively higher serotonergic activity during recovery. Dopamine rose in both groups, peaking at 1 h; by 24 h, normalization was more apparent in Low anxiety athletes, while between-group differences persisted. As a result, the serotonin-to-dopamine ratio (S/D) increased after exercise, peaked at 1 h, and remained elevated at 24 h in the High anxiety group, indicating a slower return to a lower S/D set-point relative to their Low anxiety athletes. This pattern accords with models positing that endurance and high-intensity exercise co-activate serotonergic and dopaminergic systems, with fatigue more accurately indexed by their relative balance than by either transmitter alone (Cordeiro et al., 2017).
Notably, based on anxiety classification, repeated-measures datasets resolving monoaminergic recovery over the first 24 h in elite athletes remain limited; most syntheses emphasize acute responses or pharmacological manipulations, with few studies testing group-by-time effects during recovery (Bracken et al., 2005; Meeusen and Roelands, 2018). The sustained elevation of S/D through 24 h in High anxiety athletes, contrasting with faster normalization and a serotonin decrease in Low anxiety athletes, is notable. Anxiety likely shifts the brain’s short-term serotonin-dopamine balance toward relatively more serotonin. This is consistent with evidence that a higher serotonin-to-dopamine ratio marks central fatigue and slower recovery (Cordeiro et al., 2017; Meeusen et al., 2006; Heijnen et al., 2016). In practice, athletes may feel more tired and less alert in the next training window, which argues for lighter session content, a longer recovery gap, and simple anxiety-reducing strategies (Meeusen et al., 2006; Taylor et al., 2016).
Strenuous endurance and high-intensity efforts elicit β-endorphin (β-EP) elevations, followed by declines during early recovery. Neuroimaging demonstrates central μ-opioid engagement after vigorous endurance running and endogenous opioid release after high-intensity interval training (Boecker et al., 2008; Saanijoki et al., 2018). Recent evidence confirms that β-endorphin release reflects both physical strain and emotional arousal during competition (Marano et al., 2025). At the peripheral level, β-EP consistently rises after demanding endurance or high-intensity bouts, with less reliable changes at lower intensities, indicating an intensity threshold for a pronounced opioidergic response (Heijnen et al., 2016).
In the present study, both anxiety groups exhibited an acute post-exercise increase in β-endorphin. Although concentrations were higher in the High anxiety group immediately after exercise and during early recovery, both groups returned to baseline within 24 h, suggesting that the differences were transient and primarily reflected the acute phase response. These between-group differences occurred despite comparable external performance in the standardized 2,000-m time trial, indicating that anxiety influenced the internal stress response rather than the workload performed.
In athletes, prolonged or highly strenuous tasks induced substantial β-EP responses with slower recovery kinetics (Heijnen et al., 2016). The transient β-endorphin rise observed in our study is consistent with the notion that the opioidergic response mirrors both metabolic load and affective arousal, integrating the physical and emotional aspects of competitive stress. From a practical perspective, a more persistent opioidergic signal in High anxiety athletes may mask early indicators of overload by attenuating perceptions of strain. This may lead to inaccurate assessments of recovery status, whereby athletes or practitioners assume restored readiness despite the persistence of underlying physiological stress, reflecting the hidden costs of fatigue in high-performance sport.
For endocannabinoids, post-exercise anandamide increases have been reported after moderate-to-dynamic running and cycling, and with intense cycling, with intensity-dependent responses peaking at moderate-dynamic ranges (Sparling et al., 2003; Heyman et al., 2012). By contrast, 2-arachidonoylglycerol findings are variable: increases are observed more often after brief resistance tasks, whereas sustained aerobic exercise frequently shows minimal or no 2-AG change (Saanijoki et al., 2018). Methodological factors, including assay approach and sampling timing, critically influence detectable responses, and AEA elevations have been linked to concurrent mood improvements (Hillard, 2018; Crombie et al., 2021).
In the present study, AEA and 2-AG did not change significantly over time in both groups. Although no significant AEA or 2-AG changes were observed, the suggested reduction is inferred from prior studies on stress-induced endocannabinoid modulation, rather than directly demonstrated in our data. Two complementary explanations are supported by prior work: (i) the brief, maximal nature of the ∼6-min 2,000-m effort may lack the duration or intensity that typically elicits AEA elevations during longer continuous aerobic exercise (Sparling et al., 2003; Koltyn et al., 2014); and (ii) heightened activation of the HPA axis and sympathetic nervous system can modulate endocannabinoid signaling. Stress engagement is known to reduce AEA and alter the timing of 2-AG responses, potentially counter-regulating or masking subtle endocannabinoid signals early in recovery (Heyman et al., 2012; Koltyn et al., 2014). Taken together, a pronounced, anxiety-sensitive opioidergic response (β-EP) alongside stable endocannabinoid levels (AEA, 2-AG), helps to explain the more prolonged internal stress signature in the High anxiety group despite equivalent external performance.
CONCLUSIONS
This study demonstrates that pre-competition anxiety modulates neuroendocrine recovery dynamics following maximal rowing effort. Athletes with higher anxiety exhibited prolonged cortisol elevation, stronger β-endorphin responses, and slower serotonergic–dopaminergic normalization, reflecting greater hypothalamic–pituitary axis activation and altered neurochemical recovery kinetics despite comparable physical performance. These findings indicate that competitive anxiety acts as an internal modulator of physiological stress and recovery processes, influencing how athletes restore homeostasis after maximal exertion. Future studies should explore the cumulative effects of psychological stress on endocrine and neuromodulatory regulation in elite sport contexts.
Practical implications
The present findings highlight that individual differences in competitive anxiety can meaningfully shape the physiological cost of maximal exertion, even when external performance is comparable. In practice, athletes with higher anxiety levels may experience sustained activation of the HPA and opioidergic systems together with a delayed normalization of serotonergic-dopaminergic balance, indicating a greater internal load despite similar training output. Such hidden strain may increase vulnerability to fatigue, impair recovery efficiency, and complicate the interpretation of readiness based solely on performance outcomes. Brief anxiety screening with validated questionnaires could therefore complement traditional monitoring tools, allowing practitioners to identify athletes at higher psychophysiological risk. Integrating psychological profiling with biochemical and neuromuscular markers may support more individualized recovery protocols, reducing the likelihood of overload, guiding training adjustments, and promoting long-term health and performance sustainability in elite sport.
Study limitations
The present study should be interpreted considering certain constraints. The cohort consisted of a relatively small, homogeneous group of male elite rowers, which provides high experimental control but limits generalization to broader or mixed athletic populations. All athletes were tested while living and training together in the same national team training camp, which ensured naturally standardized nutrition, daily routines, and training environment. Competitive anxiety was assessed as a trait, and future studies incorporating both trait and state dimensions may offer additional insights. Although sampling was carefully standardized, factors such as diurnal variation, nutrition, or sleep could still have contributed to variability. Neuroendocrine markers were determined in peripheral blood, which serves as a practical proxy but does not fully capture central processes. Despite these considerations, the study provides novel evidence linking trait anxiety with distinct short-term endocrine and neuromodulatory responses to maximal rowing.
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