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In this study, we explored the effects of chronic stress on lumpfish (Cyclopterus lumpus) physiological, immune response, health, and plasma free amino acids. 3 groups of lumpfish were exposed to 1-minute air exposure. 1 group was exposed to stress once per week, a second group exposed 2 times per week, and a third group exposed 4 times per week. The present study revealed significant alterations in immunity and increased nutritional demands, particularly the branched chain amino acids and lysine. Cortisol levels fluctuated, with significantly higher levels halfway through the experiment on the groups that were stressed more often. Though, by the end of the experiment, there were no significant differences in cortisol levels between groups. Regardless of stress exposure, cataract developed in virtually all sampled fish, pointing toward a potential dietary imbalance. A transient immunomodulation of stress was visible. While in early stages stress had an immune enhancing effect, as seen by the increase in plasma nitric oxide and peroxidase in the group most frequently exposed to stress, these differences were not apparent by the end of the experiment. Additionally, the worst health condition was found in this group. Our results underscore the complex interplay between stress, immunity and nutrition, highlighting the need for tailored dietary strategies and improved rearing practices.
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1 Introduction

Lumpfish, naturally occurring along the Norwegian shores, have been documented grazing on sea lice1. For this particular trait, lumpfish have garnered attention from the salmon farming industry (Imsland et al., 2018). The deployment of these fish in salmon farms has surged in response to escalating ectoparasitic infestations impacting salmonid aquaculture (Fiskeridirektoratet, 2021; Imsland et al., 2021). While the effectiveness of this species as delousing agents remains a subject of debate, one aspect is indisputable: the welfare of deployed lumpfish is concerning (Stien et al., 2020).

Beyond the economic benefits, the welfare of aquaculture animals has important ethical considerations. Our society is based on principles of justice and solidarity, and it is our responsibility to uphold these values not only in relation to humanity but also in regard to our environment. This responsibility extends to the animals and the finite natural resources our civilization relies upon (Charter of Fundamental Rights of the European Union, 2012; The European Green Deal, 2019). Consequently, sustainability and welfare have emerged as vital considerations, sparking extensive research and dialogue (Bovenkerk and Meijboom, 2013; Brown, 2015). As we delve in this paper on the physiological and immunological facets of lumpfish, it is imperative to underscore the ethical dimension of animal welfare.

Indeed, while production of lumpfish has surged during the past decade, the welfare standards did not follow suit (Garcia de Leaniz et al., 2022; Reynolds et al., 2022). This has culminated in disconcerting reports from the Norwegian Food Safety Authority regarding elevated mortality rates, disease outbreaks and unknown fate of a large portion of deployed lumpfish (Mattilsynet, 2020; Stien et al., 2020). It is crucial to deepen our understanding on the species physiology and requirements, as a cornerstone for improvement of welfare standards.

Stress is an inherent aspect of a teleost’s life in aquaculture. Common stressors encompass netting and transferring, transport, daily operations involving handling, sorting, crowding, disease outbreaks, social stress and aggression, among others, all of which can elicit a stress response (Sneddon et al., 2016; Afonso, 2020). Briefly, the nervous system regulates the immediate response, by altering hormonal activity (Reid et al., 1998). Endocrine alterations help prepare the organism for immunological challenges like infection and wound repair, essential for survival. This neural-endocrine-immune conversation involves two main stress axes, the brain-sympatho-chromaffin axis (BSC) and the hypothalamus-pituitary-interrenal axis (HPI) (Wendelaar Bonga, 1997; Tort, 2011). These axes play pivotal roles in the teleost stress response, which can be manifest along three stages. The BSC axis is instantly activated upon stress perception, resulting in the release of catecholamine hormones such as epinephrine and norepinephrine. The HPI axis, on the other hand, exhibits a slight latency, being prompted minutes after, resulting in the release of cortisol by the interrenal cells in the head-kidney. Both catecholamines and cortisol release orchestrate the fallout of the stress response, mediating energy mobilization and modulating immunity. The metabolic changes following the action of the stress hormones are part of the second stage in the stress response. The third stage ensues when the organism is unable to successfully cope and overcome stress, leaving lasting maladaptations such as alterations in behavior and immune suppression (Barton and Iwama, 1991; Wendelaar Bonga, 1997; Schreck and Tort, 2016).

The intertwining of teleost stress and immune responses is well documented (Tort, 2011; Urbinati et al., 2020). This link emerges from a crosstalk between the neuroendocrine and immune systems, being expressed through a network of nerves, hormones, cytokines, and neuropeptides (Tort et al., 2003; Verburg-Van Kemenade et al., 2009; Yada and Tort, 2016). Most immune cells express receptors for neuropeptides, neurotransmitters, and hormones that, upon binding, alter transcription and cell activity. On an initial stage, perception of stress can induce the release of pro-inflammatory cytokines, namely interleukin-1β, interleukin-6, interleukin-12, tumor necrosis factor-α (Mosser and Edwards, 2008; Tort, 2011; Verburg-van Kemenade et al., 2011; Khansari et al., 2017). Mounting evidence supports the role of pro-inflammatory cytokines as early molecular initiators of the host inflammatory response through interaction with peripheral nerve terminals (Molfino et al., 2009). These findings highlight the intricate interplay between neuronal, endocrine, and immune systems.

Although most stressors cannot be eliminated, they can however, be mitigated. Increasing our understanding on the lumpfish stress physiology and its interconnectedness with health, nutrient requirements and the immune response opens the door for various stress-mitigating strategies (Ashley, 2007; Andersen et al., 2016; Sneddon et al., 2016; Martos-Sitcha et al., 2020). In fact, stress mitigating dietary strategies have been a major area of research in aquaculture (Kaushik and Seiliez, 2010; Herrera et al., 2019; Ciji and Akhtar, 2021). While improving aquaculture standards and welfare measures is key, nutrition is arguably one of the most important aspects for ensuring good health. Missing nutrient needs leads to disorders, and in many cases, a total disruption of fish health. Amino acids (AAs), for instance, have received particular attention (Costas et al., 2011a; Azeredo et al., 2017). In addition to being the building blocks of proteins, some AAs play functional roles in several physiological processes including growth, immune functions and energy metabolism. Some are also necessary for the synthesis of non-protein molecules like neurotransmitters and hormones (Li et al., 2009; Andersen et al., 2016; Ahmad et al., 2021). Certain AAs are only available through diet, deemed essential amino acids (EAA), as the organism cannot produce them, and as such their requirements must be known (Li et al., 2009). Stress modulates the need for certain nutrients, including AAs (Aragão et al., 2008) which means that if a diet does not take this into consideration, there is a risk of falling short on the nutritional demands, leading to potential disorders (Li et al., 2007; Yoneda et al., 2009; Ramos-Pinto, 2020). A practical and accurate way of assessing the potential increased needs in certain AAs levels in a diet for a particular fish, is by analyzing the free AAs in plasma (Aragão et al., 2008; Costas et al., 2011a). In this study, we research the nexus between chronic stress, health and immune functions with a focus on the effects in plasma free AAs.




2 Material and methods



2.1 Fish and tanks

Artic Seafood Group (Mørkvedbukta, Bodø, Norway) supplied 408 lumpfish juveniles with a mean weight of 58.5 ± 1.9 g which were transferred to Mørkvedbukta research station (Nord University, Mørkvedbukta, Norway). Upon arrival, fish health was assessed for all individuals, following a well described system tailored for visual health inspection of lumpfish (Reynolds et al., 2022). Lumpfish remained undisturbed for three weeks in indoor 1000 L flowthrough seawater tanks at an initial stocking density of 2.84 g L-1. During this acclimation period and throughout the study, fish were fed 2% body weight with a commercial diet (Skretting’s Clean Assist, 1.8 mm pellet size, Skretting, Stavanger, Norway) using feeding automats. Six meals were given throughout the day, following a 12h light-dark photoperiod. The daily routine consisted of checking feed levels in the automats, water temperature (7.6 ± 0.3°C), salinity (34.3 ± 0.3 ‰) and dissolved oxygen (7.8 ± 0.2 mg L-1). In addition, fish behavior, such as feeding and hovering, was observed daily in each tank.




2.2 Study design and experimental layout

Four triplicate groups of lumpfish with an initial mean (± SD) weight of 89.8 ± 4.5 g (n = 34; N = 408) were established from the original population (groups 0C, 1S, 2S and 4S). Group numbers represent the number of times the groups were subject to stress per week, with letter “C” indicating control group and “S” stress group. This means that group 4S was exposed 4 times per week to the selected stressor, while group 0C was the control group, remaining undisturbed until sampling. The groups were distributed randomly across tanks. The stress exposure was scheduled randomly, occurring at different days of the week, at different times throughout the day, to avoid predictability. Disturbance of the fish was kept at absolute minimum, validated by the cortisol levels in the control group throughout the experiment. Netting the fish was followed with a chronometer to ensure consistency between tanks and was completed under 30 seconds. The air exposure was also timed with a chronometer and lasted exactly 1 minute. Air exposure was chosen as a stressor for its practical implication in aquaculture and it has been validated as stressor for lumpfish according to the procedures described by Lopes et al. (2023). This chronic stress experiment lasted for 10 weeks. On the day preceding sampling, lumpfish were fasted to minimize effects on biomarkers prompted by feeding (Arends et al., 1999). Sampling occurred always 1 h after stress exposure. Samplings were conducted on the 2nd, 6th and 10th week and the health assessments were recorded in each sampling point.




2.3 Health and growth

Lumpfish health was evaluated every two weeks. Sampled fish were visually inspected following the Lumpfish Health Scoring System guidelines (LHSS) (Reynolds et al., 2022) and the health score registered. Cataracts were scored for size and opacity using a portable slit lamp (Heine, Gilching, Germany). Cataract incidence was calculated as  . Length and weight were measured and the specific growth rate (SGR) calculated37.




2.4 Blood and liver sampling and tissue preparation

For sampling, 3 individuals from each tank were swiftly removed and euthanized with 1600 mg L-1 metacaine (tricaine methanesulphonate, Sigma Aldrich Co, St. Louis, Missouri, USA) (Skår et al., 2017).

Blood was drawn from the caudal vein in less than 3 min onto a heparinized vacutainer (BD, Plymouth, UK), and centrifuged at 2000 × g for 5 min at 4 °C. The resulting plasma was transferred to 1.8 ml cryotubes, snap-frozen in liquid nitrogen and stored at −80°C.

Liver biopsies (approximately 1 cm3) were promptly taken consistently from the same area of the liver, the inferior part of the right lobe, using a scalpel, with each sample being divided into two aliquots and snap-frozen in liquid nitrogen. Biopsies were stored into two separate 1.8 ml cryotubes designated for oxidative stress and metabolite assays. For preparation of liver samples for metabolite analyses, frozen liver was finely minced in a 50 ml Falcon tube. A high-performance dispersing instrument (SilentCrusher M, Heidolph Instruments, Schwabach, Germany) was employed for mechanical disruption, in 7.5 vol. ice-cold 6% (w/v) perchloric acid. The homogenate was neutralized with an equal volume of 1 M KHCO3, then centrifuged at 13,000 × g for 30 min at 4°C. Samples for oxidative stress analysis were prepared in a similar manner but using a different buffer: 1:10 volume K phosphate buffer (KPB) (0.1 M K2HPO4, 0.1 M KH2PO4, pH 7.4, Sigma Aldrich Co). To measure lipid peroxidation (LPO), 200 µL homogenate aliquots were retrieved. To each lipid peroxidation aliquot, 4 µL of 4% 3,5-di-tert-4-butylhydroxytoluene (BHT, in methanol, Sigma Aldrich Co.) were added before centrifugation to inhibit lipid peroxidation. The remaining homogenates were then centrifuged at 10,000 × g for 20 min at 4°C and the supernatants stored in separate aliquots at −80°C until use for oxidative stress assays.




2.5 Stress and metabolic biomarkers in plasma and liver

Plasma cortisol levels were quantified utilizing a commercial ELISA kit (IBL International GMBH, Hamburg-Nord, Germany) that had been previously validated and adapted for lumpfish (da Santa Lopes et al., 2023). The procedure involved the extraction of cortisol in plasma using diethyl ether at a 1:20 proportion. Following extraction, phosphate buffer infused with 1 g L-1 gelatine (pH 7.6) was added in a 2:1 proportion, thoroughly mixed and added to the microtiter plates, where kit recommendations ensued. For the quantification of plasma glucose, lactate and triglycerides, alongside hepatic lactate and triglycerides we used Spinreact kits (Spinreact) adapted to 96-well micro-plates (Costas et al., 2011a). Following the protocol outlined by Costas et al (Costas et al., 2014), plasma total proteins were assessed in 1:50 (v/v) diluted samples using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific; USA). The resulting microplates of each parameter were read with the use of Synergy HT Microplate Reader (BioTek Instruments, Winooski, VT USA).




2.6 Plasma immune parameters

Lysozyme was measured using a turbidimetric test following the adaptation by Costas et al. (2011a) (Costas et al., 2011a) from the assay described by Ellis (1990) (Ellis, 1990a). To determine the amount of lysozyme present in the samples, a standard curve was established, where lyophilized hen egg white lysozyme (Sigma Aldrich Co.) was successively diluted in sodium phosphate buffer (0.05 M, pH 6.2).

Total peroxidase activity was quantified following Quade and Roth’s colorimetric procedure (Quade and Roth, 1997), where one unit of peroxidase activity is defined by the quantity of peroxidase required to produce an absorbance change of 1 OD.

The protease levels in plasma were measured according to the methods described by Ellis (Ellis, 1990b) and Machado et al (MaChado et al., 2020). The principle behind the method is to evaluate the degradation of azocasein when incubated with plasma, using a trypsin solution (5 mg ml–1 in 0.5% NaHCO3, pH 8.3) instead of plasma as positive control.

Plasma bactericidal activity was investigated by determining the overall capacity of plasma in eliminating selected bacteria, following Machado et al.’s adaptations (MaChado et al., 2015) of the protocol described by Graham et al. (Graham and Secombes, 1988) which has been standardized and validated for several fish species (Azeredo et al., 2019; Reis et al., 2021; Magalhães et al., 2023). For this assay, 20 μL of each plasma sample were added to U-shaped 96-well plate. Then, 20 μL Vibrio anguillarum (1 x 106 cfu ml-1) were added in each well, and left incubating at 25°C for 2.5 h. Subsequently, 25 μL of 3- (4, 5-dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide (1 mg mL−1; Sigma Aldrich Co) was added and incubated for an additional 10 min at the same temperature for formazan formation. After centrifugation at 2000 × g for 10 min, the precipitate was dissolved in 200 μL of dimethyl sulfoxide (Sigma Aldrich Co.). Absorbance of the dissolved formazan was measured at 560 nm. Bactericidal activity was expressed as a percentage, determined from the difference in surviving bacteria relative to the positive control (100%).

Total plasma nitrite and nitrate were assessed as proxy for nitric oxide (NO) production using a colorimetric kit (Roche Diagnostics GmbH, Mannheim, Germany), as these compounds are a product of NO degradation. A sodium nitrite standard curve was developed to allow calculation of total nitrite in the samples.




2.7 Hepatic oxidative stress

Hepatic enzymatic activity was studied to understand the extent of oxidative damage in liver. Homogenized liver samples were used to assess lipid peroxidation (LPO), superoxide dismutase (SOD) and catalase (CAT) activities in addition to total protein concentration. The methodology delineated by Claiborne (1985) (Claiborne, 1985) and adapted by Peixoto et al. (Peixoto et al., 2021) was used to determine CAT. This was done by measuring the decrement in H2O2 concentration. The observed data is translated into enzyme activity expressed as enzyme units per milligram of total protein (U mg−1 protein). To determine SOD, we used the protocol illustrated by Lima et al. (Lima et al., 2007) and modified by Almeida et al (Almeida et al., 2010). Enzymatic activity is calculated based on the amount of enzyme necessary to inhibit 50% of cytochrome c reduction rate, instigated by the presence of superoxide radicals. Lipid peroxidation was measured using thiobarbituric acid-reactive substances (TBARSs) (Bird and Draper, 1984; Aloísio Torres et al., 2002). The total protein concentration of liver samples was determined following the protocol adapted by Costas et al. (Costas et al., 2014) employing the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA).




2.8 Plasma free amino acids

The free amino acid profile from plasma samples was determined by ultra-high-performance liquid chromatography (UPLC) on a Waters Reversed-Phase Amino Acid Analysis System, using norvaline as an internal standard. All samples were deproteinized by centrifugal ultrafiltration (10 kDa cut-off, 2500 × g, 20 min, 4°C). After deproteinization, samples were pre-column derivatised with Waters AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) using the AccQ Tag method (Waters, USA). Amino acids were identified by retention times of standard mixtures and pure standards (Sigma-Aldrich). Instrument control, data acquisition and processing were achieved using Waters Empower software.




2.9 Statistical analysis

The ensuing results are expressed as mean ± standard error. All data were subject to statistical analysis by testing for homogeneity and normality of variances using Levene’s and Kolmogrov-Smirnov tests, respectively. To address skewed data on plasma cortisol, plasma and liver lactate and liver triglycerides, the data of these parameters was transformed logarithmically. Identification and comparison of significant differences on all parameters within each timepoint was performed by one-way ANOVA (p value< 0.05), followed by Tukey HSD post hoc test (Zar, 1984). Statistical analyses were carried out using IBM SPSS v25.0 0 (IBM Corp., Armonk, New York, USA).





3 Results



3.1 Cortisol

Analysis of cortisol in lumpfish plasma revealed significant differences at 2 and 6 weeks of the chronic stress experiment (Figure 1). At two weeks, mean cortisol levels were highest on group 1s (17.12 ± 4.62 ng ml-1), being significantly higher than control group 0c (7.73 ± 1.50 ng ml-1). Cortisol levels at 6 weeks were significantly increased for groups 2s (28.90 ± 9.59 ng ml-1) and 4s (27.07 ± 6.53 ng ml-1), when compared to the control group 0c (12.22 ± 2.16 ng ml-1). By the end of the experiment, no significant differences were observed between groups.




Figure 1 | Plot of cortisol levels (ng ml -1) in plasma (expressed as average ± SE) in undisturbed lumpfish (0c) and in lumpfish exposed to air for 1 minute (1s; 2s and 4s) on 2nd, 6th and 10th week samplings. Letters represent significant differences between groups within the same timepoint (ANOVA, Tukey, p< 0.05).






3.2 Glucose

Glucose analysis revealed significant differences at week 2, where group 2s had higher glucose levels than control group and group 1s (Supplementary Figure 1). No significant differences were observed in the following sampling points.




3.3 Lactate

Plasma levels of lactate were not altered by the exposure to air (Supplementary Figure 2), with no significant differences found in any timepoint.




3.4 Triglycerides

Significant differences were found in triglyceride levels in both plasma and liver samples (Figure 2). In the 6th week sampling, groups 2s (2.70 ± 0.21 mM) and 4s (2.68 ± 0.14 mM) had lower triglyceride levels than control group 0c (3.35 ± 0.13 mM). In addition, liver samples from groups 2s (4.42 ± 0.81 mM) and 4s (3.39 ± 0.20 mM) at the 10th week sampling, had also the lowest levels, with a significant decrease when compared with control group 0c (6.84 ± 0.61 mM).




Figure 2 | Plot of triglyceride levels (mM) in plasma (A) and liver (B) expressed as average ± SE in undisturbed lumpfish (0c) and in lumpfish exposed to air for 1 minute (1s; 2s and 4s) on 2nd, 6th and 10th week samplings. Letters represent significant differences for the same tissue between different groups within the same timepoint (ANOVA, Tukey, p< 0.05).






3.5 Plasma immune parameters

Immune parameters revealed significant differences between groups (Figure 3). Peroxidase activity was highest in group 1s at 6th week sampling point (9.4 ± 1.0 units ml-1), being significantly higher than peroxidase levels found in control group (4.5 ± 0.8 units ml-1).




Figure 3 | Plots of immune parameters: peroxidase (A); protease activity (B); lysozyme (C); bactericidal activity (D) and nitric oxide (E) in plasma. Expressed as average ± SE in undisturbed lumpfish (0c) and in lumpfish exposed to air for 1 minute (1s; 2s and 4s) on weeks 2, 6 and 10. Letters represent significant differences between different groups within the same timepoint (ANOVA, Tukey, p< 0.05).



Significant differences were also found in protease activity both in 2nd and 10th week. On 2nd week, group 0c (2.0 ± 0.1%) and 1s (2.0 ± 0.1%) had lower protease activity when compared to groups 2s (2.4 ± 0.1%) and 4s (2.3 ± 0.1%). By week 10, group 1s had significantly higher protease activity (2.3 ± 0.1%) than group 2s (1.9 ± 0.1%).

Lysozyme levels were significantly lower in group 2s (36.8 ± 2.6 µg ml-1) than in control group 0c (48.0 ± 3.0 µg ml-1) at the 2nd week sampling, with no more significant differences found thereafter.

Bactericidal activity was highest in groups 2s (43.5 ± 2.7%) and 4s (45.7 ± 2.5%) when compared to group 0c (26.1 ± 4.1%) and 1s (21.5 ± 3.5%) during week 6.

All the other groups had significantly lower levels of nitric oxide than control group (0.12 ± 0.01 µM) in week 2. However, in week 6, group 2s (0.08 ± 0.004 µM) had highest levels of nitric oxide, being significantly higher than control group (0.03 ± 0.01 µM).




3.6 Plasma free amino acids

Plasma free AA analyses revealed significant differences on week 6, in all 3 branched-chain amino acids (BCAAs: isoleucine, leucine and valine), and lysine (Figure 4). Group 4s had significantly lower levels of the 4 AAs when compared to control group. Isoleucine and valine levels were also statistically lower in group 2s than group 0c. No differences were found between group 1s and control group in this timepoint. There were no significant differences in the remaining AA (Supplementary Table 1) between groups neither in the 6th nor at the 10th week.




Figure 4 | Plasma free amino acid levels of 4 essential AAs (Lysine; Isoleucine; Leucine and Valine) expressed as average ± SE in undisturbed lumpfish (0c) and in lumpfish exposed to air for 1 minute (1s; 2s and 4s) on sampling at week 6. Letters represent significant differences between different groups within the same timepoint (ANOVA, Tukey, p< 0.05).






3.7 Health and growth

No mortalities occurred during the whole trial period. Lumpfish started with an overall mean weight of 89.8 ± 0.6 g. There were no significant differences in growth between any group, however by end of the study, the control group “0c” had the highest group average weight (226.1 ± 13.8 g), with the highest specific growth rate (SGR) of 1.3%, followed by 1s with a final mean weight of 211.0 ± 11.6 (SGR 1.2%). Group 2s had a final mean weight of 197.8 ± 10.8 g by the end of the experiment (SGR 1.1%), with group 4s having the lowest mean weight at the end sampling, with 184.5 ± 8.2 g (SGR 1.1%). The health score was measured following the LHSS, revealing an increase in health deterioration in all groups, with 100% of fish in group 4s entering concerning area (health score > 2) by week 6 (Figure 5). Cataract incidence was below 25% for all groups on the day of transfer, however, it quickly rose up to virtually 100% by week 6 (Figure 6). At the last sampling point, cataract incidence was 100% for all stressed groups, and 92.0 ± 8.3% for the control group. There were no significant differences both in health score and cataract incidence between the different groups.




Figure 5 | Percentage of incidence of group health scores throughout the experiment for undisturbed lumpfish (0c) and lumpfish groups exposed to stress (1s; 2s and 4s). “s” means score; [s< 1] is the category of scores below; [1< s ≤2] is for scores above 1 and below or equal to 2; and [2< s ≤3] is for the scores above 2 and below or equal to 3. Chi square analysis revealed no significant differences. The results are presented as a percentage.






Figure 6 | Plot of cataract incidence on undisturbed lumpfish (0c) and lumpfish exposed to stress (1s; 2s and 4s). Cataract incidence expressed as %.







4 Discussion

The negative impacts of chronic stress on teleost health are undeniable, having been extensively demonstrated (Pickering and Pottinger, 1989; Barton and Iwama, 1991; Mommsen et al., 1999). In aquaculture rearing, fish frequently encounter prolonged or repeated stress, typically leading to immune suppression (Fast et al., 2008). The immunosuppressive effects of stress lead to impaired disease resistance, opening the door for opportunistic pathogens, and other health complications (Saeij et al., 2003). Lumpfish are no exception, even though lacking the evident reactive fight-or-flight response characteristic of many teleosts such as salmon (Hale, 2000). Several studies have confirmed the stress response of lumpfish to a variety of stress exposures, such as crowding, temperature, behavioral cues, and air exposure (Jørgensen et al., 2017; da Santa Lopes et al., 2023; Espmark et al., 2019; Noble et al., 2019; Staven et al., 2019; Remen et al., 2022). However, there is a lack of research connecting the lumpfish chronic stress exposure to immunity, overall health, and specific nutritional requirements. In this study, cortisol served as reliable indicator of HPI activation, with cortisol levels in the control group (0c) being kept under 15 ng ml-1 throughout the study. In comparison, the highest cortisol levels were found in groups stressed twice a week (2s) and 4 times per week (4s), in week 6. This coincided with a higher bactericidal activity also found at this time point. In addition, the proxy analysis of NO revealed its highest levels in all stressed groups, being significantly higher than control, in group 2s. Moreover, peroxidase activity also trended higher in stressed groups, with lowest levels on the undisturbed fish. In fact, peroxidase activity was statistically higher in the group stressed only once a week. The immune analysis of samples taken at week 6 hints at a potential immune-enhancing effect on stressed groups, as seen by the increased NO, bactericidal and peroxidase activities. This is not unheard of, with several studies depicting this occasionally paradoxical effect of stress on immunity (Tort, 2011). Acute stress can boost immunity by preparing the organism for immediate challenges. Cortisol released during a short-term stress adjusts leukocyte activity and cytokine levels, resulting in increased immunoprotection (Castillo et al., 2009; Yada and Tort, 2016; Khansari et al., 2017). Increased immunity can be beneficial, with an animal being more prepared to deal with immune challenge, but it can also be physiologically demanding. Under immune challenge, energy and resource allocations are diverted from certain physiological processes such as reproduction, and growth (Sadoul and Vijayan, 2016; Schreck and Tort, 2016; Yada and Tort, 2016). However, without a significant challenge, the energy budget might be sufficient to accommodate the increased energy demands of an immune enhancement caused by a mild stress. Accordingly, we have not seen any significant differences in weight between the different stress groups. Moreover, innate immune cell populations such as neutrophil and activated macrophages are mobilized, increasing in immune activation sites in response to acute stress, even without an initial immune challenge (Wojtaszek et al., 2002; Tort, 2011). Neutrophils are prime effectors of peroxidase activity, while macrophages are key NO releasers, and their increased numbers prepare the organism for a potential challenge, effectively enhancing immunoprotection. Despite not looking directly to leukocyte population dynamics in this study, we did find the highest levels in peroxidase activity and nitric oxide in stressed groups. Nonetheless, prolonged stressed exposure can bring the immune enhancing effects to a halt, leading to subsequent immunosuppression (Mommsen et al., 1999; Dhabhar, 2008; Yada and Tort, 2016). Indeed, in our findings, the immune enhancing effects faded, with immune analysis at the end sampling showing no significant differences between undisturbed and stressed fish in any parameter. Stress shifts how fish use their energy and resources, prioritizing immediate survival over, reproduction, growth, and even immune functions. In fact, in our study, despite not being statistically significant, we saw a trend for lower growth in the more frequently stressed group 4s, while scoring the worst health, which was mostly explained by worsened skin erosion. Fin erosion is one of the first conditions seen in chronically stressed fish, where skin barrier defenses and maintenance erode, giving an opportunity for pathogens to flourish (Latremouille, 2003; Ellis et al., 2008). Adequate nutrition is paramount to maintain the epithelial structure and integrity of this important defensive barrier, and in fact, lysine deficiency has been attributed as potential cause of fin erosion (Lall, 2010; Hardy, 2012).

The influence of stress on teleost nutritional requirements has been explored in several aquaculture species. Often, stress exposure triggers an elevation of nutritional needs, to fuel the stress response, causing an energy, nutrient and oxygen reallocation mediated by catecholamines and cortisol. As seen in this study, stressed groups 4s and 2s displayed modulation of hepatic energy mobilization, with lowered triglyceride levels by the end of the experiment. Modulation of energy substrate preference was also seen in a previous study of our group, on acute stress exposure with lumpfish (da Santa Lopes et al., 2023). Cortisol also modulates the AA metabolism (Aragão et al., 2008). Indeed, Costas et al. (2011a) demonstrated that exposing Senegalese sole (Solea senegalensis) to stress led to a modulation in AAs requirements (Costas et al., 2011a). Moreover, chronically stressed Senegalese sole dropped plasma free EAA concentrations, which according to authors can be due to either increased energetic demands or synthesis of important compounds needed to cope with stress (Costas et al., 2008). This corresponds to findings from the present study, where free plasma BCAAs and lysine levels were significantly lower in the most chronically stressed group, when compared to undisturbed fish. AAs such as BCAAs are ubiquitous, being used as building blocks of proteins, utilized as energy substrate and as signaling molecules (Van Waarde, 1988; Neinast et al., 2019; Ahmad et al., 2021). BCAAs integrate the AA chain composing virtually all proteins, including proteins relevant in the immune and antioxidant defense system. Oxidative stress is one of the outcomes of a stressed organism (Lushchak and Bagnyukova, 2007; Aschbacher et al., 2013; Sánchez-Muros et al., 2013). It increases nutritional demands, as the organism ups production of antioxidant defenses such as glutathione (GSH), superoxide dismutase and catalase to clear the reactive oxygen species (Iwasa et al., 2013; Espinosa-Diez et al., 2015). BCAA can be a key precursor of glutamate, which is necessary for GSH synthesis (Wu et al., 2004). In fact, dietary BCAA supplementation has proved effective in increasing expression of proteins involved in antioxidant defenses (Ichikawa et al., 2012; Iwasa et al., 2013). In addition, leucine is a potent activator of the mTOR pathway, which controls protein synthesis and cellular growth. Stress, through glucocorticoid action, has been shown to modulate mTOR activity, affecting protein synthesis and other metabolic processes (Valenzuela et al., 2018). Oxidative stress has been shown to alter mTOR in rats, being associated to retinal pathologies (Wang et al., 2022), a fact that should be better understood in fish.

Cataracts are a concerning disorder in cultured lumpfish (Imsland et al., 2021). Being an indicator of malnutrition and/or sub-optimal rearing conditions, cataracts can undermine the welfare of aquaculture species (Bjerkås et al., 2006; Peuhkuri et al., 2009). Lumpfish are deployed with the ultimate goal of preying on sea lice attached to salmons. If the eye health is undermined, this objective is most certainly unmet. In addition to this performance impairment from the eye of the farmer, there is also the welfare aspect, as lumpfish with poor eye health are also more likely to be ill adjusted for adequately feeding (Jonassen et al., 2017). It is reasonable to think that lumpfish, given the cataract severity and cohabiting with many considerably larger predatory teleosts such as salmon, will be less capable of adequately finding food. Naturally, as malnutrition progresses, the health of such fish will only erode.

In an epidemiological study of wild and farmed lumpfish, cataract incidence was significantly lower in wild mature lumpfish (Jonassen et al., 2017). The authors could not explain the cataract prevalence with an unbalance in histidine levels, as it has been previously reported in the salmonid aquaculture (Waagboø et al., 2010). The authors of the study suggested the cataract prevalence in lumpfish to be potentially related to disturbance in nutrient metabolism and malnutrition, via an AA imbalance, worsened by sub-optimal rearing. In addition, among the various AAs found with a significant positive correlation with cataract score, was lysine. In the present study, we could not observe significant differences in cataract prevalence between undisturbed and stressed fish, underpinning this urgent need for improved commercial diets and optimized rearing procedures. However, we did find an increase in BCAAs and lysine requirement on the group 4s. Lysine is both a precursor of polyamine synthesis and plays a pivotal role in collagen fiber integrity. Polyamines play an important role in cell growth and differentiation, while also providing stability for lens’ proteins such as crystallin and regulating osmotic stress (Wallace et al., 2003; Bloemendal et al., 2004; Mischiati et al., 2020; Munley et al., 2021; Han et al., 2022). Moreover, lysine is crucial for collagen synthesis which is of utmost importance for the structural integrity of the eye (Lythgoe, 1975; Bunce et al., 1990). Oxidative stress, which increases with stress, is highly correlated to caractogenesis, as the lens proteins and lipids suffer from the accumulation of reactive oxygen species (Varma et al., 1984; Berthoud and Beyer, 2009; Deering et al., 2023). An imbalance in dietary lysine can, thus, cripple the ability of the organism in, not only maintaining adequate antioxidant balance, but also, in tissue healing and maintenance, through impaired collagen and polyamine production.

Chronic stress will cause a sustained elevated release of cortisol until habituation or desensitization (Vijayan and Leatherland, 1990; Sopinka et al., 2016). In the early stages, the increase in cortisol will potentially result in enhanced immune functions, preparing the organism for challenge, as seen in this study, where bactericidal capacity was enhanced. With time, the sustained elevated cortisol levels will start having deleterious effects on the overall health of the fish (Opinion et al., 2023). The high energy and resource expenditure of maintaining an organism on this state of alertness will start to take its toll. The impact of the shift of resources from other biological functions to fuel the stress response will become increasingly noticeable (Schreck and Tort, 2016). Growth becomes impaired and immune functions suppressed as resources such as specific EAAs lack. If diet does not account for the increase expenditure, the building blocks will become scarce or insufficient (Winberg et al., 2016). As such, the oxidant–antioxidant balance will be disrupted, unleashing the cellular damage caused by high ROS levels (Sopinka et al., 2016). Disease resistance will be hampered, as immune suppression unfolds. Signs of health worsening will emerge, such as fin erosion and deteriorating eye health, exacerbated by sub-optimal nutrition. With the defenses lowered, opportunistic pathogens may carpe diem, exploiting this weakness (Pickering and Pottinger, 1989; Dhabhar, 2008; Yada and Tort, 2016). Thus, the absence of tailored aquafeeds for lumpfish that consider potentially elevated nutritional requirements, together with the lack of optimized rearing standards, results in a concerning puzzle that is the welfare status of lumpfish. If lumpfish are to be used as biological delousers in Atlantic salmon farming, there should be a focus on welfare improvement and stress mitigation research. To this end, it is important to consider dietary strategies that embrace increased nutritional demands together with improved aquacultures practices (Ashley, 2007; Costas, 2011; Costas et al., 2011b; Segner et al., 2012; Andersen et al., 2016; Sneddon et al., 2016; MaChado et al., 2018; Martos-Sitcha et al., 2020).




5 Conclusion

Lumpfish have been on the spotlight for their grim health and welfare situation. While they are assisting salmon farmers with their quest for mitigating the sea lice impacts, lumpfish welfare must be assured.

In this study, we shed light on the intricate modulatory effects of chronic stress on health, immunity, and potential nutritional requirements. The higher levels of cortisol in group 4s during the 6th week sampling subsided by the end of the experiment. Moreover, the immune-modulatory effects of cortisol were visible, with changes in plasma nitric oxide, bactericidal activity and peroxidase levels on stressed groups. Moreover, and although not significantly, the trend for lower growth and worse health score was seen in the most frequently stressed group. The cataract prevalence was high, nearly 100% among all groups, regardless of stress, pointing toward causes not just exclusive to stress experienced by lumpfish. There were clear modulatory effects of chronic stress on plasma free BCAAs and lysine levels, suggesting increased nutritional demands in lumpfish under chronic stressful conditions, which should be explored in future stress-immunonutrition research endeavors.
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