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Introduction

This study examines the effects of predictable repeated chronic stress on the stress response and cortisol metabolism in European sea bass.





Methods

Fish were exposed to daily stress for 11 days and sampled the next day before or after an additional stressor. Chronically stressed fish showed an attenuated acute cortisol response and altered circulating cortisone levels.





Results and Discussion

Gene expression analyses revealed stress-induced regulatory changes. In the brain, pomc and bdnf mRNA expression was affected by chronic stress, while crf by acute stress. In the head kidney, gr2 was affected by both stress types, whereas gr1 and mr responded only to acute stress. Neither mc2r, encoding the ACTH receptor, nor hsd11b2, responsible for cortisol inactivation, were affected. In the liver, gr2 and hsd11b2 were upregulated under chronic stress, suggesting an adaptive mechanism to regulate cortisol metabolism. In contrast, gill receptor expression remained largely unchanged, except for acute stress-induced gr2, gr1, and mr downregulation in chronically stressed fish, potentially modulating cortisol signaling. These findings suggest that chronic stress alters neuroendocrine regulation, desensitizing the HPI axis and impairing the acute stress response. Understanding these mechanisms provides insights into chronic stress adaptation in fish, with implications for aquaculture and stress physiology research.
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1 Introduction

Chronic stress has been widely recognized for its detrimental effects on animal health and behavior (1, 2), and fish are no exception (3). Chronic stress can be described as a prolonged or repeated exposure to stressors that exceed an organism’s capacity to cope through allostatic processes, leading to physiological dysregulation and increased allostatic load (2). Unlike acute stress, which is a short-term reaction to immediate threats, chronic stress persists over an extended period, potentially leading to maladaptive outcomes such as impaired growth (4, 5), as well as immune function, and overall health (3, 6). Predictable, repeated chronic stress is crucial in shaping physiological and behavioral adaptations in animals, including fish, as it allows for the development of coping mechanisms that mitigate adverse effects (7). While much of the research on stress responses has focused on terrestrial species, the impact of chronic stress on aquatic organisms, particularly fish, has become a growing area of interest in aquaculture as well as environmental and behavioral fish biology. Fish, especially under an intensive farming environment, are frequently exposed to a variety of stressors, including environmental ones, such as changes in water quality and temperature fluctuations, but mainly production-related activities such as husbandry practices and high stocking density exposure. These stressors can trigger a cascade of physiological responses, which, when persistent, may lead to habituation or dysregulation of the physiological mechanisms of the fish (3, 8, 9).

The neuroendocrine system, particularly the hypothalamic-pituitary-interrenal (HPI) axis, plays a central role in mediating the stress response in fish, influencing a range of physiological processes such as immune function, metabolism and growth, and osmoregulation (9, 10). Despite advances in understanding the acute stress response in fish (9, 11, 12), the long-term effects of chronic stress remain underexplored. Prolonged activation of the HPI axis due to chronic stress affects physiological processes in species-specific ways, influenced also by the nature and duration of the stress protocol. While chronic stress often leaves circulating cortisol levels unchanged (4, 5, 13–18), both attenuated (19–21) and elevated levels (22–25) have been reported. Additionally, chronic stress can impair a fish’s ability to cope with future stressors; as evidenced by a blunted cortisol response following acute stress in previously stressed individuals (4, 5, 18, 26).

Beyond the effects of chronic stress on the final output of the HPI axis, understanding the regulatory mechanisms governing this axis is also critical. However, to date, only a limited number of studies have investigated this aspect. The HPI regulation begins in the pre-optic area of the hypothalamus, where crh is expressed and CRH is produced and secreted to stimulate the expression of pomc and subsequent production of ACTH from the pituitary (9). Subsequently, ACTH binds to the MC2R receptor in the head kidney to signal the production and secretion of cortisol. The studies performed so far in Atlantic salmon (Salmo salar) exposed to predictable (27) or unpredictable (4, 20) chronic stress have shown increased crh expression. In a similar manner, exposure to a predictable stress protocol was shown to cause an increase in CRH levels depending on the duration of the chronic stress (25). Moreover, in the same species predictable chronic stress was shown to cause an increase in circulating ACTH levels (25), while unpredictable stress was shown to cause either an increase on the expression of pomca1 and pomcb in the pituitary of fish at the parr stage (4), or to have no effect on juveniles (20). In rainbow trout (Oncorhynchus mykiss), it has been shown that social chronic stress leads to chronic elevation of cortisol levels in subordinate fish. The elevated cortisol levels result from increased cortisol production by the head kidney under baseline conditions; however, this response is attenuated when the tissue is stimulated during in vitro testing (28). Finally, in European sea bass (E. sea bass; Dicentrarchus labrax) exposure to different intensity of chronic stress has caused an increase of crh expression from the pre-optic area only at the highest intensity, while pomc expression in the pituitary was reduced in all chronic stress groups compared to control fish (5). On the other hand, gilthead seabream (Sparus aurata) exposed to the same chronic stress protocol as E. sea bass, displayed no change in the expression of either crh or pomc. Together, these findings underscore the interspecific and protocol-dependent differences in HPI axis regulation in fish under chronic stress. In the mammalian brain, the brain-derived neurotrophic factor (BDNF) plays a key role in the stress response by interacting with the HPA axis and glucocorticoid signaling, influencing brain structure through processes like neurogenesis, synaptic plasticity, and dendritic spine formation (29, 30). In fish, bdnf expression has been reported to be upregulated in acutely stress gilthead seabream larvae (31). Regarding chronic stress, it has been reported to cause increased (26) or unaltered (32) bdnf expression in zebrafish (Danio rerio) brain.

While much attention has been given to the regulation at the brain level, few studies have investigated the effects on interrenal tissue or on peripheral tissues such as the liver and gills. Specifically, the 11hsd2b gene encodes an enzyme responsible for converting active cortisol into its inactive form, cortisone. Madaro et al. (4) have shown no differential expression of this gene in Atlantic salmon (Salmo salar) exposed to chronic stress. On the contrary, in common carp (Cyprinus carpio), acute net stress has been associated with elevated expression of 11hsd2b in the same tissue (33). Additionally, this gene exhibits differential expression in E. sea bass, with lower expression in individuals characterized by low cortisol responsiveness compared to highly responsive fish from the same population (34). Moreover, in Atlantic salmon the mRNA levels of the ACTH receptor gene (mc2r) as well as genes involved in cortisol synthesis (star) or signaling (gr1, gr2, mr) were also unaffected by chronic stress (4). However, in rainbow trout, daily stress exposure has been associated with increased expression of both glucocorticoid receptors, gr1 and gr2 (35). The ratio of the glucocorticoid to the melanocorticoid receptors (gr1/mr and gr2/mr) is also of interest, as it has been shown to be affected by chronic stress in mammals (36) and fish (5, 37). This study characterized the gene expression profile underlying chronic stress responses in HPI-related, and peripheral tissues of E. sea bass (Dicentrarchus labrax). Fish were subjected to a predictable chronic stress protocol, and cortisol and cortisone levels, along with the expression of stress-related regulatory genes, were analyzed before and after an additional acute stressor, in comparison to unstressed control fish.




2 Materials and methods



2.1 Animals and experimental design

In the present study a predictable repeated stress protocol was developed and applied in E. sea bass fish as previously described in Samaras et al. (18), as the results presented here are part of the same experiment. In brief, 28 E. sea bass of average weight 191.4 ± 36.4 g were divided in 4 × 250 l (7 fish per tank, stocking density of 5.36 kg m3) to maintain appropriate stocking density. Out of these, 6 fish in total were randomly sampled, as described below. The system used open flow tanks with a renewal rate of approximately 75% per hour. The experiment was performed at the Hellenic Centre for Marine Research (HCMR) and during the whole period temperature was kept at 19°C, the photoperiod was set at 12L:12D and salinity was 37.

Following a two-week acclimation phase, a chronic stress protocol was introduced. Two tanks of fish were designated as the control group and remained unstressed throughout the experiment (“Chronic +” group). In contrast, fish in two other tanks were subjected to the experimental stress conditions outlined below (“Chronic -” group). Given that E. sea bass tend to significantly reduce or completely stop feeding under stress, neither the control nor the stressed fish were fed during the study to eliminate potential dietary influences. According to Samaras et al. (18), no significant differences were found in most stress-related physiological biomarkers between fed and unfed control groups, apart from plasma glucose levels which were significantly higher in the fed group.

The chronic stress protocol consisted of subjecting the fish to a daily stressor between 11:00 and 12:00, using one of two acute stress methods: (i) chasing with a net for 5 minutes or (ii) confinement in one-fifth of the tank for 30 minutes. The protocol alternated between the two stressors to better mimic the variability of stressors that fish may encounter in an aquaculture environment and also to avoid habituation to a single type of stress. To ensure consistency in stress intensity, the same person carried out the chasing procedure, while confinement was achieved by reducing the water volume to a predetermined level, marking one-fifth of the original tank volume. These stressors were alternated each day over an 11-days period. On the 12th day, fish from both the control and chronically stressed groups were sampled immediately (“no acute” fish; n = 3 per replicate/6 per group) and euthanized using a high dose of anesthesia (phenoxyethanol, 500 ppm). The remaining fish were subjected to an additional stressor—5 minutes of chasing—and sampled one hour later (“Acute +” fish; n = 3 per replicate/6 per group), when cortisol levels typically peak in this species (11). Blood was drawn from the caudal vessel using heparinized syringes, and plasma was separated by centrifugation at 2,000g for 10 minutes before being stored at -20°C for later analysis. Fish were then immediately dissected for the collection of whole brain, including the pituitary, head kidney, liver, and gill samples, which were snap frozen in liquid nitrogen and stored at -80°C until the analysis.




2.2 Analytical procedures

Plasma cortisol and cortisone levels were measured using commercially available ELISA kits (DRG® Cortisol ELISA, DRG® International Inc., Germany; Abbexa Cortisone ELISA, Abbexa, UK). The performance of the cortisol kit has been previously validated for E. sea bass (38), and the plasma cortisone kit was evaluated with linearity tests using sequential dilutions of pooled fish plasma samples (r = 0.945; n = 3).




2.3 RNA purification and cDNA synthesis

Tissue samples (20–30 mg) were disrupted and homogenized using the TissueRuptor (Qiagen, Hilden, Germany) for 20 s in 350 μl LBP lysis buffer (NucleoSpin® RNA Plus, MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany). Total RNA was isolated using the NucleoSpin® RNA Plus kit (MACHEREY-NAGEL GmbH & Co. KG, Duren, Germany), according to manufacturers’ instructions. RNA yield and purity were determined by measuring the absorbance at 260 and 280 nm, using Nanodrop® ND-1000 UV-Vis spectrophotometer (Peqlab, Erlangen, Germany), while its integrity was tested by 1% agarose gel electrophoresis. Reverse transcription (RT) was performed using 1 μg RNA with the PrimeScript Reverse Transcription Reagent Kit with gDNA Eraser (Takara Bio, USA) following the manufacturer’s instructions. Due to insufficient RNA yield and purity one brain and head kidney sample, as well as two liver samples were not processed.




2.4 Quantitative real-time PCR

The mRNA expression of genes encoding for corticotropin releasing factor (crf), proopiomelanocortin (pomc), brain-derived neurotrophic factor (bdnf), glucocorticoid receptors (gr1, gr2), mineralocorticoid receptor (mr), melanocortin receptor 2 (mc2r), and 11-β-dehydrogenase type 2 (hsd11b2), was determined with real time quantitative polymerase chain reaction (qPCR) assays using the LightCycler® 480 SYBR Green I Master (Roche, Norway). The oligonucleotides used in the qPCR analysis are shown in Table 1. The qPCR reactions were performed in a LightCycler® 480 thermocycler (Roche, Norway) in 384 well plate format, under the following parameters: (1) 95°C for 3 min (HotStarTaq DNA Polymerase activation step), (2) 94°C for 15 s (denaturation step), (3) 60°C for 30 s (annealing step), (4) 72°C for 20 s (extension step), cycling steps (2) to (4) for 40 cycles. All samples were run in triplicate, and minus reverse transcriptase (-RT), no template and positive controls were included in each plate. A relative standard curve was constructed for each gene, using 4 sequential dilutions (1:5) of a pool of all the cDNA samples. To normalize gene expression, three references genes: actin beta 1 (actb1), eukaryotic translation elongation factor 1A (eef1a), and 18s, were initially accessed for the stability of their expression under the current experimental conditions using GeNorm (42). The two more stable reference genes based on the geNORM analysis were actb1 and eef1a and were therefore used for the normalization of target genes.


Table 1 | Primer sequences used in qPCR in the current study.






2.5 Statistical analysis

Statistical analysis and graphical analysis were performed using GraphPad Prism 8 (GraphPad Software) and RStudio. All data are presented as means ± standard deviation (S.D.). Data were initially checked for normality and homogeneity of variance using the Kolmogorov-Smirnov and Levene tests, respectively. Outliers were identified as extreme values using Grubbs’ test, using strict criteria (α = 0.01) to ensure control given the small sample size. In total, two outliers were identified in brain pomc expression and one in brain bdnf and head kidney gr1, all being extremely higher than the rest of the samples. Two-way Analysis of Variance (ANOVA) was performed using chronic stress and acute stress as factors, also testing their interaction. The Principal Component Analysis (PCA) was performed for the gene expression of the HPI-related tissues, brain and head kidney, in RStudio using the factoextra and FactoMineR packages. Tissues were analyzed separately in order to identify tissue-specific effects of chronic and acute stress. The ratios between cortisol receptors, gr1, gr2 and mr were not used in this analysis due to strong correlation between them and the expression of the receptors themselves. All data were normalized prior to analysis.




2.6 Ethical approval

All procedures have been approved by the Departmental Animal Care Committee (protocol code 130/2020) following the Three Rs principle, in accordance with Greek (PD 56/2013) and EU (Directive 63/2010) legislation on the care and use of experimental animals. All experimental procedures were performed by FELASA accredited researchers.





3 Results



3.1 Stress hormones

The plasma cortisol results originate from the same experiment previously reported by Samaras et al. (18). They are shown again here using a reduced dataset that includes only the fish (n = 6 per treatment) that were dissected for gene expression analysis, to ensure consistency across measured parameters. A significant interaction between the factors chronic and acute stress was observed in cortisol levels (F1,20 = 10.69; p = 0.004) (Figure 1a). There were no significant differences in mean cortisol concentrations between control (Chronic -) and chronically stressed fish, that were not subjected to an extra acute stressor. Additionally, while post-acute stress cortisol levels were elevated in non-chronically stressed fish, this effect was absent in chronically stressed fish. Cortisone levels, on the other hand, were only affected by chronic stress (F1,20 = 20.56; p < 0.001), specifically being lower in chronically stressed fish (Figure 1b).


[image: ]

Figure 1 | Mean ± SD plasma concentrations of (a) cortisol and (b) cortisone in European sea bass under chronic (“Chronic +”) and acute (“Acute +”) stress or control (“Chronic -” and “Acute -”) conditions. Asterisks indicate significant differences between groups, as shown by connecting lines (*p < 0.05, **p < 0.01, ***p < 0.001). n = 6/group.






3.2 mRNA abundance

mRNA abundance analysis of whole brain samples revealed that chronic stress, acute stress, and their interaction influenced the mRNA abundance of certain genes. Specifically, the effect of chronic stress was highlighted in the down-regulated mRNA abundance of brain pomc (F1,17 = 5.164; p = 0.036) (Figure 2b), while acute stress resulted in up-regulated crf (F1,19 = 5.875; p = 0.026), and down-regulated mr (F1,19 = 4.384; p = 0.049) mRNA abundance (Figures 2a, f). The mRNA abundance of bdnf (F1,18 = 5.855; p = 0.027) and the ratio of gr2/mr (F1,19 = 4.929; p = 0.038) were affected by the interaction of chronic and acute stress (Figures 2c, h). Specifically, it was shown that chronic stress led to decreased mRNA abundance of bdnf and the gr2/mr ratio in acutely stressed fish compared to non-chronically stressed fish. gr1, gr2 mRNA abundance and gr1/mr ratio were not affected by either acute or chronic stress (Figures 2d, e, g).
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Figure 2 | Mean ± SD whole brain relative mRNA abundance for (a) crf, (b) pomc, (c) bdnf, (d) gr1, (e) gr2, (f) mr and the ratio of (g) gr1/mr and (h) gr2/mr in European sea bass under chronic (“Chronic +”) and acute (“Acute +”) stress or control (“Chronic -” and “Acute -”) conditions. Asterisks indicate significant differences between groups, as shown by connecting lines (*p < 0.05, **p < 0.01, ***p < 0.001). n = 6/group, apart from the “Chronic +/Acute -” group where n = 5 in all genes except for pomc were n = 4. Additionally, n = 5 for “Chronic -/Acute +” in pomc and bdnf.



In the head kidney, chronic stress caused a down-regulation in the mRNA abundance of gr2 (F1,19 = 15.30; p < 0.001) and gr2/mr ratio (F1,19 = 12.61; p = 0.002) (Figures 3b, e). Acute stress also had a down-regulating effect in gr1 (F1,18 = 8.836; p = 0.008), gr2 (F1,19 = 6.273; p = 0.022) and mr (F1,19 7.739; p = 0.012) mRNA abundance (Figures 3a-c). Neither hsd11b2 nor mc2r were affected by acute or chronic stress or their combination (Figures 3f, g). gr1/mr ratio, as well as hsd11b2 and mc2r mRNA abundance were not influenced by acute and chronic stress (Figures 3d, f, g).
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Figure 3 | Mean ± SD head kidney relative mRNA abundance for (a) gr1, (b) gr2, (c) mr, (d) gr1/mr ratio, (e) gr2/mr ratio, (f) hsd11b2 and (g) mc2r in European sea bass under chronic (“Chronic +”) and acute (“Acute +”) stress or control (“Chronic -” and “Acute -”) conditions. Asterisks indicate significant differences between groups, as shown by connecting lines (*p < 0.05, **p < 0.01, ***p < 0.001). n = 6/group, apart from the “Chronic +/Acute -” group where n = 5 in all genes and “Chronic -/Acute -” group for gr1 and the associated gr1/mr.



The hepatic mRNA abundance of glucocorticoid receptors was influenced by the interaction between acute and chronic stress. Specifically, both gr1 (F1,18 = 6.191; p = 0.023) and gr2 (F1,18 = 4.527; p = 0.047) were down-regulated following acute stress in chronically stressed fish (Figures 4a, b). Additionally, gr2 mRNA abundance was up-regulated in chronically stressed fish prior to acute stress compared to non-chronically stressed fish. The gr2/mr ratio was significantly affected by chronic stress (F1,18 = 6.056; p = 0.024), with higher values observed under chronic stress (Figure 4e). Similarly, hepatic hsd11b2 mRNA abundance was influenced by the interaction of acute and chronic stress (F1,18 = 13.910; p = 0.002), showing up-regulation in chronically stressed fish that were not exposed to acute stress compared to both non-stressed and dually stressed fish (Figure 4f). The mRNA abundance of mr and mc2r as well as the ratio of gr1/mr were not affected by either acute or chronic stress exposure (Figures 4c, d, g).
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Figure 4 | Mean ± SD hepatic relative mRNA abundance for (a) gr1, (b) gr2, (c) mr, (d) gr1/mr ratio, (e) gr2/mr ratio, (f) hsd11b2 and (g) mc2r in European sea bass under chronic (“Chronic +”) and acute (“Acute +”) stress or control (“Chronic -” and “Acute -”) conditions. Asterisks indicate significant differences between groups, as shown by connecting lines (*p < 0.05, **p < 0.01, ***p < 0.001). n = 6/group, apart from the “Chronic +/Acute -” group and the “Chronic +/Acute +” where n = 5 in all genes.



In the gills an interaction effect was observed in the mRNA abundance of gr1 (F1,20 = 6.713; p = 0.018) and mr (F1,20 = 5.090; p = 0.036) (Figures 5a, c). Post-hoc analysis showed gr1 mRNA abundance was downregulated in fish exposed to both acute and chronic stress compared to those exposed to acute stress alone. On the other hand, the mr mRNA abundance was up-regulated after exposure to acute stress in no-chronically stressed fish only. Finally, the mRNA abundance of gr2 (F1,20 = 4.691; p = 0.043) and the ratio between gr2/mr (F1,20 = 13.01; p = 0.002) were lower in acutely stressed fish, in both non-chronically and chronically stressed fish (Figures 5b, e). The ratio gr1/mr ratio was not affected by the application of acute or chronic stress (Figure 5d).


[image: ]

Figure 5 | Mean ± SD gill gene expression for (a) gr1, (b) gr2, (c) mr, (d) gr1/mr ratio, (e) gr2/mr ratio in European sea bass under chronic (“Chronic +”) and acute (“Acute +”) stress or control (“Chronic -” and “Acute -”) conditions. Asterisks indicate significant differences between groups, as shown by connecting lines (*p < 0.05, **p < 0.01, ***p < 0.001). n = 6/group.






3.3 PCA analysis

PCA of brain mRNA abundance revealed that the first two principal components accounted for 69.9% of the total variance. The first component (PC1) had an eigenvalue of 2.288, explaining 38.1% of the variance, and was significantly correlated with gr1, gr2, and mr mRNA abundance (Table 2). The second component (PC2) had an eigenvalue of 1.906, explaining 31.8% of the variance, and was significantly associated with pomc, bdnf, crf, and gr2 mRNA abundance (Table 2). Visualization of sample distribution along these components indicated that fish exposed to acute but not chronic stress were separated from other groups along PC2, driven primarily by crf, pomc and bdnf mRNA abundance (Figure 6A). In contrast, fish subjected to both chronic and acute stress were not clearly separated from those experiencing only chronic stress, though their centroid distribution exhibited a trend influenced primarily by mr and gr1 mRNA abundance.


Table 2 | Eigenvalues, % variance explained and correlation of variables to the first two principal components of the PCA for the brain and head kidney gene expression analysis.
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Figure 6 | Principal Component Analysis performed for brain (A) and head kidney (B) gene expression data. The individuals are plotted based on the application of acute and chronic stress. Ellipse represents confidence ellipse.



In the head kidney, PCA showed that the first two components explained 83.0% of the total variance, with PC1 accounting for twice the variance of PC2 (Table 2). PC1 was positively influenced by gr1, mr, mc2r, hsd11b2, and gr2, while PC2 was driven positively by gr2 and negatively by hsd11b2 and mc2r. Visualization in Cartesian space demonstrated that fish exposed to both acute and chronic stress formed a distinct cluster, primarily driven by gr2 but also gr1 and mr mRNA abundance (Figure 6B).





4 Discussion

The present study demonstrated the effects of exposure to a predictable, repeated chronic stress protocol on the regulation of cortisol signaling and metabolism in various tissues of E. sea bass. As previously shown (5, 18) cortisol levels in chronically stressed E. sea bass were attenuated when fish were exposed to an additional acute stress challenge, compared to the non-chronically stressed fish. Interestingly, the present study showed that cortisone levels were exclusively influenced by chronic stress, showing a significant decrease in chronically stressed fish. Previous studies in coho salmon (Oncorhynchus kisutch) (43) and rainbow trout (44) have shown that acute stress increases cortisone levels in a time-dependent manner. Therefore, the lack of cortisone elevation observed in the present study may be attributed to the timing of sample collection relative to the stress event. This finding further underscores the distinct physiological effects of chronic stress, which may interfere with the normal hormonal regulation of stress responses.

These results suggest that chronic stress may lead to adaptive or maladaptive changes in the fish’s physiological stress response. The attenuation of the acute cortisol response in chronically stressed fish could reflect a form of desensitization or blunted reactivity of the HPI axis, which is a common physiological adaptation in response to prolonged stress (4, 5, 18, 26). There are two possible explanations for this attenuated response. The first is that chronically stressed fish may exhibit reduced sensitivity as a protective mechanism to avoid long lasting energy expenditure. Alternatively, the lack of an acute cortisol response in these fish may suggest that prolonged stress has impaired the normal negative feedback mechanisms of the hypothalamic-pituitary-interrenal (HPI) axis, possibly due to exhaustion. In contrast, fish not exposed to chronic stress appear to maintain a functional HPI axis, allowing for a typical cortisol response to acute challenges.

The present study investigated the mechanisms underlying the effects of repeated predictable chronic stress in E. sea bass in an attempt to decipher the mechanism responsible for the observed attenuated cortisol response. This was done through the analysis of the expression of key genes involved in HPI-axis regulation, cortisol signaling, and metabolism. mRNA abundance patterns in the brain and head kidney provided molecular insights into the physiological and hormonal adaptations to both chronic and acute stress. The PCA analysis of brain gene expression confirmed that acute stress induced transient changes in HPI-axis regulation only in non-chronically stressed fish. Fish exposed to acute stress without prior chronic stress exposure separated from the other groups along PC2, which was primarily influenced by crf, pomc, and bdnf mRNA abundance. This suggests that chronic stress modifies the brain’s acute stress response, potentially leading to significant alterations in downstream physiological outcomes, such as the absence of cortisol elevation. In contrast, differences in head kidney mRNA abundance show that combined chronic and acute stress affects mRNA abundance, likely through altered corticosteroid signaling. Fish exposed to both types of stress were clustered separately mainly along the PC1 due to reduced mRNA abundance of gr2, and to a lesser extent, gr1 and mr. These findings support the hypothesis that chronic stress desensitizes the HPI axis at the brain level, diminishing the fish’s ability to mount an acute stress response.

In more details, in the brain the lower pomc mRNA abundance under chronic stress suggests reduced ACTH production, leading to attenuated cortisol signaling to the head kidney. In contrast, the up-regulated crf mRNA abundance following acute stress indicates typical HPI-axis activation in response to short-term stressors. However, this did not translate into a strong cortisol surge in chronically stressed fish, likely due to downstream suppression of pomc, potentially caused by receptor dysregulation, as shown by the reduced gr2/mr in acutely stressed fish previously exposed to chronic stress. In teleosts, two glucocorticoid receptors, GR1 and GR2, and one mineralocorticoid receptor, MR, mediate cortisol signaling. These receptors differ in their affinity to cortisol, with GR2, along with the mineralocorticoid receptor (MR), having a higher affinity for cortisol and is likely activated at low basal concentrations, while GR1 may be more responsive to elevated cortisol levels during acute stress (45–47). This differential sensitivity suggests distinct functional roles in stress regulation, which can help interpret tissue- and receptor-specific expression patterns observed in this study. In this context, studying their ratio can indicate differential regulation of important functions, and their disequilibrium has been associated with impaired appraisal, poor learning and fear avoidance in vertebrates (36, 48).

A similar response was noticed in the mRNA abundance of bdnf. Specifically, acute stress induced bdnf overexpression in non-chronically stressed fish, consistent with findings in gilthead seabream larvae (31). This increase, however, was absent in chronically stressed fish, as previously observed in E. sea bass following exposure to a predictable stressor (7).

A previous study on E. sea bass (5) found that low- to medium-intensity chronic stress did not affect crf mRNA abundance in the pre-optic area of the telencephalon, consistent with the present study. However, high-intensity stress increased crf mRNA abundance compared to controls. Moreover, regardless of stress intensity, pomc mRNA abundance was reduced, being in agreement with the current results. It should be noted that the protocols used in these studies differed, with the current protocol involving daily stressing of the fish, while the one presented at Samaras et al. (5) consisting of stressing the fish thrice per week. Although responses to chronic stress in vertebrate animals are influenced by factors such as intensity, duration, repeatability, but also predictability, and controllability (7, 49, 50), the consistency of results suggests a basic underlying chronic stress regulation mechanism in E. sea bass.

In Atlantic salmon, chronic stress generally up-regulates hypothalamic crh and pituitary pomc expression, along with circulating ACTH levels. Both predictable (25) and unpredictable chronic stress (4, 20) upregulated crh mRNA abundance in the pre-optic area. Predictable stress elevated ACTH levels (25), while unpredictable stress variably affected pomca1 and pomcb expression in the pituitary, with reports of upregulation (4) or no effect (20). In Madaro et al. (4), increased crh mRNA abundance coincided with pomca1 and pomcb upregulation but did not raise cortisol levels. Instead, chronically stressed fish exhibited a blunted cortisol response to an additional stressor, along with reduced crfr1, pomca1, and pomcb mRNA abundance in the pituitary. The impact of stress duration and protocol type is further supported by zebrafish studies, where different protocols yielded varying cortisol and brain expression profiles (26, 51, 52).

The head kidney, as the primary site of cortisol production in fish, is subject to feedback control, which in the case of mammals has been shown to be regulated by the corticosteroid receptors (53). As acute stress induces an intense cortisol surge from the interrenal tissue, it has been shown in E. sea bass that the tissue’s capacity to release more cortisol is reduced (54). Therefore, the role of the receptors may be crucial to the regulation of a feedback mechanism. In the current study, a down-regulation was observed in the expression of all cortisol receptors after acute stress, regardless of the exposure to chronic stress. The observed down-regulation of gr1, gr2, and mr in the head kidney may reflect a local desensitization mechanism to cortisol, potentially modulating feedback sensitivity within the HPI axis. Literature in fish is limited, but previous studies have shown either decrease in the expression of mr in rainbow trout exposed to confinement stress (16), no change in Atlantic salmon (4) or increase in gr in gilthead seabream after hypoxia stress (55). The even lower mRNA abundance of gr2 in chronically stressed fish may be the result of a protective mechanism to prevent overstimulation and maintain homeostasis. Additionally, the unchanged hsd11b2 mRNA abundance suggests that cortisol inactivation to cortisone remains intact, implying that feedback dysregulation alone does not fully explain the attenuated stress response. Finally, the reduced pomc mRNA abundance in the brain of chronically stress fish was not accompanied by changes in mc2r mRNA abundance, which encodes the ACTH receptor, at the head kidney. This suggests a lack of compensatory regulation at the adrenal level, consistent with the blunted cortisol response in chronically stressed fish. These findings highlight how chronic stress alters neuroendocrine signaling, potentially compromising the ability to cope with subsequent stressors.

Analysis of the glucocorticoid receptors in the liver pointed out that chronic stress affected their mRNA abundance, being higher for gr2 and the ratio gr2/mr in pre-acute stress conditions. The expression of gr1 was down-regulated after acute stress in chronically stressed fish only. The above indicate an upregulation of the glucocorticoid receptor in the liver as a result of chronic stress, that could be associated with a need of optimized regulation of the metabolic processes enhancing energy use required to counteract the repeated exposure to stressors (22, 35). Moreover, the mRNA abundance of hsd11b2 was higher in the liver of chronically stressed fish compared to non-chronically stressed fish, before the application of an additional stressor. The enzyme encoded by this gene regulates the conversion of cortisol to inactive cortisone. However, overall, the levels of circulatory cortisone in chronically stressed fish were lower than those without exposure to chronic stress. These findings suggest that the upregulation of hsd11b2 mRNA abundance in the former group may serve as a mechanism to limit cortisol activity specifically in the liver during chronic stress. This could also explain the increased mRNA abundance of glucocorticoid receptors, as reduced cortisol availability due to HSD11B2 activity may drive their upregulation. Similarly, following acute stress, the mRNA abundance of hsd11b2 decreases and this can hypothetically lead to less cortisol inactivation, and therefore higher cortisol levels. Consequently, locally elevated cortisol levels may downregulate glucocorticoid receptor mRNA abundance.

At the gills, chronic stress alone did not affect cortisol receptor gene expression. However, acute stress significantly down-regulated gr2 mRNA abundance and reduced the gr2/mr ratio in both chronic stress groups. Additionally, there was an interaction effect between chronic and acute stress on gr1 and mr mRNA abundance, with blunted expression in acutely stressed fish that had previously experienced chronic stress compared to those without prior exposure. The reduced gr1 and mr mRNA abundance in acutely stressed fish that had undergone chronic stress may reflect a compensatory mechanism in response to repeated activation of the stress axis. This could limit excessive cortisol signaling, preventing potential negative effects of prolonged glucocorticoid exposure, such as impaired osmoregulation (56, 57). In fact, in the complementary study by Samaras et al. (18), plasma osmolality was similar between chronically stress and control fish, either prior or after the exposure to acute stress.

Together the results presented in this study highlight the regulation at the mRNA abundance level of HPI-axis-related and peripheral tissues like liver and gills after exposure to chronic stress in E. sea bass. The authors recognize that the current results should serve a starting point to further dig into the effects of chronic stress in this species. Specifically, one limitation of the study is that mRNA analysis was conducted on whole-brain samples rather than on specific brain regions involved in stress regulation. This may have obscured localized changes in gene expression relevant to the stress response; however, the whole-brain approach still provides a valuable overview of global transcriptional trends and lays the groundwork for more region-specific investigations in future studies. Moreover, while this study provides molecular insights into stress regulation through mRNA abundance analysis, it does not directly measure the protein levels or the receptor functionality. This is especially relevant to interpreting the gr/mr ratios, which represent transcript abundance rather than the functional state of the receptors. In addition, in terms of post-acute stress dynamics, the study focuses on mRNA abundance and hormonal responses at specific time points. However, stress responses are dynamic, and additional time-series analyses could help determine whether the observed changes persist or recover over time. Last, but not least, as clearly mentioned, this study focused on the effects of predictable chronic stress and that the nature of the chronic stressor can significantly affect the animal’s responses. In this context, future studies should focus on comparing predictable and unpredictable stress effects, since this could enhance understanding of stress coping mechanisms.




5 Conclusions

This study provides novel insights into the physiological and molecular adaptations of E. sea bass to predictable chronic stress, particularly regarding the regulation of cortisol, cortisone, and HPI-axis gene expression across multiple tissues. Although chronic stress did not increase basal cortisol levels, it blunted the acute stress-induced cortisol surge and altered corticosteroid receptor expression. The brain response was affected by both chronic and acute stress, clustering separately the acutely stressed control fish compared to the other groups. Also, the reduced mRNA abundance of pomc in the brain of chronically stressed fish and blunted bdnf and gr2/mr mRNA abundance in chronically stressed fish exposed to an additional acute stressor highlights a habituation of this tissue to repeated exposure to stress. In addition, the reduced gr2 mRNA abundance and gr2/mr ratio in the head kidney and gills suggest a potential mechanism of HPI-axis desensitization, limiting excessive cortisol signaling. Additionally, the increased hepatic mRNA abundance of gr2 and hsd11b2 before acute stress highlights a possible tissue-specific metabolic adaptation to chronic stress. The observed modifications in receptor mRNA abundance, particularly in response to acute stress, emphasize the complexity of stress regulation and suggest that chronic stress may prime fish for altered endocrine responses to subsequent challenges. These findings contribute to a broader understanding of how chronic stress influences neuroendocrine function in fish, with potential implications for aquaculture, fisheries management, and stress physiology research. Future studies should explore the long-term effects of these molecular changes on fish performance, resilience, and overall health.
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Forward Primer 5’ to 3’ Reverse Primer 5’ to Reference Acc. no

actbl CGCGACCTCACAGACTACCT AACCTCTCATTGCCGATG (39) AJ493428 2.09
eefla GCCAGATCAACGCAGGTTACG GAAGCGACCGAGGGGAGG (39) FM019753 1.98
18s TCAAGAACGAAAGTCGGAGG GGACATCTAAGGGCATCACA (40) AM419038 2.00
crf ATCACCTGCCATCTACAA TGATGTTCCCAACTTTCC (39) JF274994 1.89
pome CCGGTCAAAGTCTTCACCTC ACCTCCTGTGCCTTCTCCTC (41) * 1.88
grl GAGATTTGGCAAGACCTTGACC = ACCACACCAGGCGTACTGA (40) AY549305 1.99
gr2 GACGCAGACCTCCACTACATTC | GCCGTTCATACTCTAACCAC (40) AY619996 203
mr CCTGTCTCCTCATGAATGG AATCTGGTAATGGAATGAATGTC = (39) JE824641 2.04
hsd11b2 CACCCAGCCACAGCAGGT ‘ ACCAAGCCCCACAGACC (39) * 201
me2r CATCTACGCCTTCCGCATTG ATGAGCACCGCCTCCATT (41) FR870225 1.90
bdnf CATCGGACGGAAGGCTACT GCTCCTCTATCACCTGCTCAA (41) FJ711591.1 205

*Primers for these genes were designed based on the conserved regions as revealed by multiple sequence alignments of other teleost fish. The products of each primer pair were further checked
with sequencing to confirm amplification of the desired genes.
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