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A three-month culture experiment was conducted to investigate the effects of the feeding regime on liver health, non-specific immunity, and apoptosis of juvenile rainbow trout under constant light conditions. A total of six experimental groups contained two photoperiods [LL (24L:0D) and LD (12L:12D)] and three feeding regimes [R (random feeding), D (mid-dark stage feeding), L (mid-light stage feeding)], defined as R-LL, D-LL, L-LL, R-LD, D-LD, L-LD. The experiment results revealed a significantly higher alanine aminotransferase (ALT) level in the nocturnal feeding group (D-LD) and significantly higher aspartate aminotransferase (AST) in the R-LL and D-LL groups, indicating possible liver damage in these groups. In addition, high serum levels of immunoglobulins M (IgM), complement 3 (C3), and complement 4 (C4) were observed in the LL (compared to LD), R (LL conditions), and D (LD conditions) groups, suggesting that stress may be present in these groups. Meanwhile, under LL, high cytokine genes (tnf-α, il-1β, il-6, and il-8) expression were observed in the liver and intestine of the L group, possibly reflecting a stronger immune response. In the liver, high malondialdehyde (MDA) content was observed in the LL (compared to LD), R (LD conditions), and D (LL conditions) groups, suggesting that these groups were subjected to oxidative damage. Further, higher apoptosis genes (cytc and bcl-2) expression in the liver was detected in the R and D-LD groups. The highest level of hepatic apoptotic cells was also observed in the D-LD group. Taken together, long-term exposure to LL, random feeding, and nocturnal feeding can cause oxidative damage to juvenile rainbow trout, leading to hepatocyte apoptosis, while scheduled diurnal feeding can alleviate the oxidative damage caused by LL.
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Introduction

Rainbow trout (Oncorhynchus mykiss Walbaum, 1792) is an economically important fish and occupies an essential position in global aquaculture. According to the latest Food and Agriculture Organization of the United Nations (FAO, 2022) statistics, global rainbow trout aquaculture production reached 959,600 tons in 2020 (including inland aquaculture of 739,500 tons, marine and coastal aquaculture of 220,100 tons). Rainbow trout has a wide consumer market in China as a high-grade aquatic product and has been farmed since the 1960s. However, as a cold-water fish, the suitable growth temperature for rainbow trout is 12-18°C. Due to the lack of cold-water resources, land-based rainbow trout culture development in China has reached a bottleneck (Huang et al., 2021). In recent years, some scholars tried to aquaculture rainbow trout in the cold-water masses of the Yellow Sea in China (Dong, 2019; Chu et al., 2020). Rainbow trout’s seawater culture is viable and has faster growth rates and higher disease resistance than freshwater (Landless, 1976; Yada et al., 2001; Shepherd et al., 2005). Currently, farming rainbow trout in the cold-water masses of the Yellow Sea is still preliminary, and there are still many problems to be improved.

The first challenge of farming rainbow trout in the Yellow Sea cold-water mass is the water temperature fluctuation, especially in the summer high-temperature period. Currently, submerged offshore fish cages (such as “Shenlan 1”) are used to escape the summer heat, and the fish cages are sunk to the suitable water temperature layer to meet the demand for cultured fish during the hot period (Dong, 2019; Chu et al., 2020). However, the photoperiod is deprived underwater and, as an important zeitgeber, is closely linked to immune function in fish (Esteban et al., 2006). Many studies have reported the impact on the immune system and health status of fish in the absence of photoperiodic environments, affecting the welfare of farmed fish. For example, in largemouth bass (Micropterus salmoides), continuous light (LL) was found to cause a significant increase in thiobarbituric acid reactive substances (TBARS) in the liver, brain, and gills compared to LD (12L:12D), indicating the presence of oxidative damage (Malinovskyi et al., 2022). In Atlantic salmon (Salmo salar L.), LL inhibits vertebral mineralization, leading to elevated deformities (Fjelldal et al., 2005; Wargelius et al., 2009; Fjelldal et al., 2012). Studies in rainbow trout have also found that LL has a stressful impact on the non-specific immune system (Valenzuela et al., 2022). The immune system responds rapidly to stress in fish, as reflected by a rapid increase in blood levels of IgM, C3, and C4 (Demers and Bayne, 2020; Abdollahpour et al., 2021). In European Sea Bass (Dicentrachus labrax L.), both LL and DD (continuous darkness) inhibited growth and caused oxidative stress (Li et al., 2021). In Nile tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus), both LL and DD were found to cause damage to both fish species, affecting swimming activity, behavior, coloration, and growth, which is a challenge to fish welfare (Mustapha et al., 2014). On the other hand, the liver is the central organ of metabolism, and metabolic disorders caused by the absence of photoperiod are often accompanied by liver damage. Under the healthy condition, there is abundant acid phosphatase (ACP), alkaline phosphatase (AKP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) in the liver, and once the liver is injured, these enzymes will be released into the blood, so the activity of these enzymes in the serum are widely used as indicators of liver damage (Molayemraftar et al., 2022; Rahman et al., 2022).

Besides photoperiod, food is another important environmental cue able to synchronize organisms’ circadian rhythms (Stephan, 2002; López-Olmeda, 2017). Immune function in many fish exhibits significant circadian rhythms. For example, in zebrafish (Danio rerio), the inflammatory response is regulated by the core biological clock genes period1b and period 2 (Ren et al., 2018). In rainbow trout, significant circadian rhythms were also found for serum bactericidal activity and immune defense factors (Lazado et al., 2018) and in the number of leukocytes and myeloid cells (Montero et al., 2020). Further, the effect of feeding time on fish immune function was also reported in a zebrafish study where fish in the scheduled feeding group exhibited higher levels of lysozyme, β-defensin, and hepcidin transcripts (Lazado et al., 2019). Notably, some studies in mammals have shown that scheduled feeding alleviates biological clock dysregulation caused by photoperiod deficiency (Yamamuro et al., 2020) and prevents the development of metabolic diseases in models of biological clock deficiency (Chaix et al., 2019).

Thus, is it possible to mitigate the impact of photoperiod deficiency on fish immune function by scheduled feeding? This study aimed to investigate the effects of feeding regimes on oxidative stress, liver health, and non-specific immunity in juvenile rainbow trout (Oncorhynchus mykiss) in the absence of a photoperiod. It is expected to provide theoretical support for managing rainbow trout culture in offshore fish cages.



Materials and methods


Ethical issues

All experimental operations involving animals in this study were performed under the approval and supervision of the Animal Care and Use Committee of Ningbo University.



Experimental animals

The juvenile rainbow trout used in the experiments were purchased from a commercial nursery in Shandong province and delivered to the School of Marine Sciences, Ningbo University by live fish transporting vehicle. All juvenile fish were rapidly transferred to a recirculating aquaculture system (RAS, HISHING, Qingdao, China) for one month to acclimatize to the laboratory environment. During the acclimation period, commercial feed (crude protein ≥ 42.0% and crude lipid ≥ 10%, Tech-Bank, Ningbo, China) was randomly provided at about 2% of body weight per day; photoperiod was 12L:12D (lights-on at 6:00, the light intensity on the water surface is 100-200 lx); dissolved oxygen in the culture water was kept saturated; water temperature was at 16.5 ± 1°C; ammonia nitrogen was below 0.05 mg/L; the water circulation rate about 600L/h.



Experimental treatments

This study was a two-factor experiment including two independent variables of photoperiod: 24L:0D (LL) and 12L:12D (LD) and feeding regime: random feeding (R, The feeding schedule was provided by random number generator software [RAND function of Microsoft Excel) according to Nisembaum et al. (2012)], mid-dark stage feeding (D, feeding at 24:00 daily), and mid-light stage feeding (L, feeding at 12:00 daily), for a total of 6 experimental groups (R-LL, D-LL, L-LL, R-LD, D-LD, L-LD), each including 7 culture tanks. At the end of acclimation, a total of 840 juvenile rainbow trout of uniform size (18.98 ± 1.69 g/fish) were randomly placed in 42 culture tanks with 20 fish per tank. The formal culture experiment lasted 3 months, and the culture environment was consistent with the acclimation phase.



Sample collection and treatment

At the end of the culture experiment, fish in all treatment groups were deprived of food for 24 h. Subsequently, 12 fish were randomly retrieved from each tank (there was no fish mortality during the experiment, and a total of 20 fish remained in each tank), anesthetized with MS-222, and immediately weighed and measured body length (growth performance was placed in a separate unpublished manuscript). Afterward, about 2 ml of blood was drawn from the tail vein of each fish using a disposable syringe and stored in two 1.5 mL eppendorf (EP) tubes (4°C) of 1 mL each. One of the EP tubes contained EDTA-K2 to prevent clotting and was used for total blood cell count. Another tube of blood was left overnight at 4°C and then centrifuged in a high-speed freezing centrifuge (3-18K, Sigma, Landkreis Osterode, Germany) at 2500 rpm for 10 min at 4°C. The supernatant (serum) was immediately stored at -80°C until analysis. The fish were dissected immediately after blood sampling, and the liver (one part was fixed directly in 10% neutral formalin), intestine, and dorsal muscle were isolated, quickly frozen in liquid nitrogen, and stored at -80°C until analysis.

The tissue homogenate was prepared according to the following steps: liver, intestine, and muscle tissues were homogenized using pre-cooled saline (4°C, 0.9% NaCl) at a ratio of 1:9 (V: W), and the homogenate was centrifuged at 2500 rpm for 10 min at 4°C in a high-speed freezing centrifuge (Fresco17, Thermo Scientific, Waltham, USA) to obtain the supernatant.



Serum immunological indicators

The serum acid phosphatase (ACP, A060-1-1), alkaline phosphatase (AKP, A059-1-1), alanine aminotransferase (ALT, C009-1-1), aspartate aminotransferase (AST, C010-1-1), albumin (ALB, A028-1-1), and lactate dehydrogenase (LDH, A020-1-2) were measured by commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions and the absorbance values were read at 532 nm (ACP, U/100 mL, 100 mL serum interacting with the substrate at 37°C for 15 minutes produced 1 mg of phenol is one unit; AKP, King unit/100 mL, 100 mL serum interacting with the substrate at 37°C for 15 minutes produced 1 mg of phenol is one King unit), 505 nm (ALT, U/L, the pyruvate produced within 1 min of 1 ml serum causes the oxidation of NADH to NAD+ and causes a decrease in absorbance of 0.001 is one unit; AST, U/L, same as ALT), 628 nm (ALB, g/L), and 440 nm (LDH, U/L, 1 L of serum interacting with the substrate at 37°C for 15 minutes produced 1 µmol of pyruvate is one unit) in a microplate reader (Multiskan Go, Thermo Scientific, Waltham, USA), respectively, and the results were calculated according to the formula provided in the instructions.

The serum complement 3 (C3, μg/mL), complement 4 (C4, μg/mL), and immunoglobulins M (IgM, μg/mL) were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Qiaodu Biotechnology Co., Ltd., Shanghai, China) according to the instructions and the absorbance values were read at 450 nm in a microplate reader (Multiskan Go, Thermo Scientific, Waltham, USA), and the results were calculated according to the formula provided in the instructions.



Total blood cell counts

Total blood cell counts (TBC) were performed using a hemocytometer plate under a light microscope (DN-800M, NOVEL, Nanjing, China), according to Pan et al. (2010).



Antioxidant indicators

The serum, liver, intestine, and dorsal muscle malondialdehyde (MDA, A003-1-2), total antioxidant capacity (T-AOC, A015-1-2), total superoxide dismutase (SOD, A001-1-2), and catalase (CAT, A007-1-1) were measured by commercial kits (Nanjing Jiancheng Bioengineering Institute). Serum and tissue homogenates were analyzed according to the kit instructions, and the absorbance values were read at 532 nm (MDA, nmol/mL for serum; nmol/mgprot for tissue), 520 nm (T-AOC, U/mL for serum; U/mgprot for tissue, each 0.01 increase in absorbance value of the reaction system per minute per milliliter of serum (or per milligram of tissue protein) is one unit), 550 nm (SOD, U/mL for serum; U/mgprot for tissue, the amount of enzyme corresponding to 50% inhibition of SOD in this reaction system is one unit), and 405 nm (CAT, U/mL for serum; U/mgprot for tissue, decomposition of 1 µmol of H2O2 per second per milliliter of serum (or per milligram of tissue protein) is one unit) in a microplate reader (Multiskan Go, Thermo Scientific, Waltham, USA), respectively, and the results were calculated according to the formula provided in the instructions. Meanwhile, the total protein (TP, A045-2-2, g/L) content in the tissue homogenates was measured by the Coomassie brilliant blue method at 595 nm to normalize the antioxidant index in the tissues.



Non-specific immunity-related gene expression

The reagents and methods used to extract total RNA from the liver and intestine were consistent with Xu et al. (2022).

A real-time PCR system (QuantStudio™ 6 Flex, Life Technologies, Carlsbad, USA) was used to analyze the relative expression of non-specific immunity-related genes [Cytochrome c(cytc), Caspases 3 (casp3), Caspases 6 (casp6), Caspases 8 (casp8), Bcl2-associated X (bax), B-cell lymphoma-2 (bcl-2), Tumor suppressor p53 (p53), Interleukin-1β (il-1β), Interleukin-6 (il-6), Interleukin-8 (il-8), Tumor necrosis factor-α (tnf-α), Glutathione peroxidase (gpx), Cytosolic Cu/Zn superoxide dismutase (sod1), Mitochondrial Mn superoxide dismutase (sod2), Catalase (cat)] in the liver and intestine. The reaction system and program were consistent with Xu et al. (2022). The specific primers used in this study are shown in Table 1 and synthesized by a commercial company (Youkang Biological Technology Co., Ltd, Hangzhou, China). The relative expression level of target genes is normalized by elongation factor-1α (ef1α) and calculated by the comparative CT method (2-ΔΔCT method) (Livak and Schmittgen, 2001).


Table 1 | The specific primers used for real-time PCR in this study.





Histology and apoptosis analysis

The fixed liver tissue (for 24 h) was flushed with running water overnight, followed by dehydration in gradient alcohol, transparency in alcohol, and xylene solution, and finally liver tissues were embedded in paraffin wax. The liver tissue was subsequently sectioned on a microtome (thickness 5 μm, HM325, Thermo Scientific, Waltham, USA). Liver sections were spread in warm water at 48°C and later dried at 45°C, followed by dewaxing and rehydration in xylene and gradient alcohol, and finally stained using a hematoxylin and eosin (H&E) staining kit (G1120, Solarbio, Beijing, China) following the steps of the instructions. Observations were performed under a light microscope (magnification 200×, CKX53, OLYMPUS, Tokyo, Japan).

The above obtained liver sections were stained with TUNEL using Colorimetric TUNEL Apoptosis Assay Kit (C1098, Beyotime, Shanghai, China) according to the steps of the instructions and then observed under a light microscope (magnification 200×, CKX53, OLYMPUS, Tokyo, Japan).



Statistical analysis

First, all data were checked for homogeneity and normal distribution through Levene’s and Kolmogorov-Smirnov tests, respectively. Then a two-way ANOVA was performed with photoperiod and feeding regime. Meanwhile, t-tests were performed for photoperiod, and one-way ANOVA followed by Duncan’s multiple range test was performed for the feeding regime. P < 0.05 and P < 0.01 were considered significant differences and extremely significant differences, respectively. All statistical analyses were performed on SPSS 22.0 and R 4.1.2 software. Data are presented as box plots (minimum, median, maximum, outliers) or heatmaps (mean).




Results


Liver health indicators

Serum ACP, AKP, and LDH activities were not affected by experimental treatments. In group D, ALT activity was significantly higher in group LD than in group LL. AST activity was lower in group L than in groups R and D. The ALB was significantly lower in group R than in D and L groups (Figure 1).




Figure 1 | Liver health indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). ACP, Acid phosphatase; AKP, Alkaline phosphatase; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; ALB, Albumin; LDH, Lactate dehydrogenase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (*P < 0.05). Points outside the box plot are outliers.





Serum immunological indicators

The scheduled feeding group had higher TBC (Figure 2).




Figure 2 | Serum immunological indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). TBC: Total blood cell counts, IgM: Immunoglobulins M, C3, Complement 3; C4, Complement 4; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (**P < 0.01). Points outside the box plot are outliers.



Under LL, the R group had higher C3 levels than the D group; under LD, the D group had higher C3 and IgM levels than R and L groups. In the R and L groups, the LL group had significantly higher C3, C4, and IgM (Figure 2).



Antioxidant indicators

Overall, MDA in the liver was significantly higher in the LL group than in the LD group, independent of the feeding regime (Table 2 and Figure 3). Specifically, under LL, the D group was significantly higher than the R group; under LD, the R group was significantly higher than the D and L groups. In group D, LL was significantly higher than that LD. In contrast, SOD activity was significantly lower in the D group than in the R group under LL; in the D group, the LD group was significantly higher than in the LL group; CAT activity was significantly higher in the LD group than in the LL group under all three feeding regimes.


Table 2 | Summary of two-way ANOVA: Immunity index and gene expression of juvenile Oncorhynchus mykiss under different experimental treatment.






Figure 3 | Liver antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA: Malondialdehyde, T-AOC: Total antioxidant capacity, SOD: Superoxide dismutase, CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.



Overall, the MDA in the intestine was significantly lower in the L group than R and D groups, independent of the photoperiod (Table 2 and Figure 4). In contrast, T-AOC was significantly higher in the L group than R and D groups.




Figure 4 | Intestine antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA: Malondialdehyde, T-AOC: Total antioxidant capacity, SOD: Superoxide dismutase, CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.



The experimental treatments did not affect MDA levels in muscles (Figure 5).




Figure 5 | Dorsal muscle antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA, Malondialdehyde; T-AOC, Total antioxidant capacity; SOD, Superoxide dismutase; CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.



In serum, MDA levels were significantly lower in the R group than in the D and L groups, independent of photoperiod (Table 2 and Figure 6). Similarly, T-AOC and SOD activities were significantly lower in the R group than in the D and L groups.




Figure 6 | Serum antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA, Malondialdehyde; T-AOC, Total antioxidant capacity; SOD, Superoxide dismutase; CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same feeding regime (**P < 0.01). Points outside the box plot are outliers.





Liver and intestinal gene expression

Apoptosis, cytokine, and antioxidant gene expression in the liver and intestine were detected in this experiment (Figure 7 and Supplementary Figure 1).




Figure 7 | Liver and intestinal apoptosis, cytokine, and antioxidant-related gene expression of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). R: random feeding, D: mid-dark stage feeding, L: mid-light stage feeding, LL: 24L: 0D, LD: 12L: 12D. cytc: Cytochrome c, casp3: Caspases 3, casp6: Caspases 6, casp8: Caspases 8, bax: Bcl2-associated X, bcl-2: B-cell lymphoma-2, p53: Tumor suppressor p53, il-1β: Interleukin-1β, il-6: Interleukin-6, il-8: Interleukin-8, tnf-α: Tumor necrosis factor-α, gpx: Glutathione peroxidase, sod1: Cytosolic Cu/Zn superoxide dismutase, sod2: Mitochondrial Mn superoxide dismutase, cat: Catalase.



In the liver, cytc gene expression was significantly higher in the R group under both photoperiods; in the D group, the LD was significantly higher than the LL. The p53 gene was significantly lower in the R group under LL. In the R group, the LD was significantly higher than LL. The bax gene was significantly higher in the L group under LL. The bcl-2 gene was significantly higher in the D group under LD; in the D group, the LD was significantly higher than the LL. The tnf-α gene was significantly lower in the R group under LL. In the D and L groups, the LL was significantly higher than LD. The il-1β gene was significantly higher in the L group under LL and significantly lower in the R group under LD. In the R and L groups, LL was significantly higher than LD. in the D group, LD was significantly higher than LL. The il-6 gene was significantly higher in group D under LL; the D group was significantly higher than the R and L groups under LD. The gpx gene was significantly higher in the L group under LL. The LL was significantly lower than LD in the R and D groups. The sod1 and sod2 genes were significantly lower in the R group under LL. In the R group, LL was significantly lower than LD. The cat genes were significantly lower in the R group under LL; under LD, the L group was significantly higher than the R and D groups. In the R group, LL was significantly lower than LD.

In the R group, the cytc gene in the intestine was significantly lower in LL than in LD. The p53 and bax genes were significantly higher in the L group under LL and significantly lower in the L group under LD. In the R group, LL was significantly lower than LD; in the L group, LL was significantly higher than LD. The casp6 and casp8 genes were significantly higher in the R group under LD. The tnf-α, il-1b, il-6, and il-8 genes exhibited significantly higher in the L group under LL. The L group was lower than the R and D groups under LD. In the R and D groups, LL was significantly lower than LD. The expression trends of antioxidant enzyme genes were also consistent, with the expression of sod1, sod2, and cat genes significantly higher in the R group under LD. The sod1 and sod2 genes were higher in LL than in LD under both D and L groups. The cat gene expression was highest in the R group under LL; in the R and L groups, LL was higher than LD.



Liver histology and apoptosis

The observation of liver paraffin sections with H&E staining revealed pathological changes between the six treatment groups (Figure 8). The liver parenchyma was looser in the R group, and some cellular vacuolation (black triangles) was present between the different treatment groups. The R and D groups observed significant capillary dilatation (black circles). Erythrocyte sludge in the blood sinusoids (black circles and green arrows) was observed in the R-LL, D-LL, R-LD, and D-LD groups.




Figure 8 | The histology of the liver in juvenile Oncorhynchus mykiss under different experimental treatments (200 × magnification, scale bars = 100 μm, slice thickness = 7 μm). R: random feeding, D: mid-dark stage feeding, L: mid-light stage feeding, LL: 24L: 0D, LD: 12L: 12D. The black arrow points to hepatocyte; the green arrow points to blood sinusoid including erythrocyte; the black triangle points to cavitation; the black circle points to vein including erythrocyte.



TUNEL staining of liver tissue sections revealed that there were almost no apoptotic cells in the L group under both photoperiods, and apoptosis was most severe in the D-LD group (Figure 9).




Figure 9 | TUNEL staining analysis of liver in juvenile Oncorhynchus mykiss under different experimental treatments (200 × magnification, scale bars = 100 μm, slice thickness = 7 μm). R: random feeding, D: mid-dark stage feeding, L: mid-light stage feeding, LL: 24L: 0D, LD: 12L: 12D. The black arrows point to apoptotic cells.






Discussion

Blood indicators closely relate to fish’s physiological, metabolic, and health status. When external environmental factors impact fish, they are usually reflected in blood indicators (Casanovas et al., 2021; Witeska et al., 2022). Some serum enzymes and metabolites are widely used as a reflection of liver functional statuses in fish, such as alkaline phosphatase (AKP, Casillas and Ames, 1985), acid phosphatase (ACP, Molayemraftar et al., 2022), alanine aminotransferase (ALT, Kim and Kang, 2016; Zhang et al., 2016), aspartate aminotransferase (AST, Kim and Kang, 2016; Zhang et al., 2016), lactate dehydrogenase (LDH, Rahman et al., 2022) and albumin (ALB, Mukherjee et al., 2022). In the present study, ALT was only significantly higher in the D-LD group than in the L-LD group. High levels of ALT in serum are considered a marker of fish liver damage (Hong et al., 2022). Therefore, this study showed that nocturnal feeding led to liver damage in juvenile rainbow trout under an LD environment. In addition, under LL, significantly low levels of AST were observed in the L group. Like ALT, high levels of AST in serum also reflect liver damage (Hong et al., 2022). This suggests that under LL conditions, scheduled diurnal feeding can alleviate liver damage in juvenile rainbow trout. In addition, significantly low ALB was detected in the random feeding group, suggesting that random feeding may cause stress to juvenile rainbow trout. Similarly, under chronic high salt stress, African catfish (Clarias gariepinus) serum levels of ALT and AST were increased, and ALB levels were decreased (Dawood et al., 2022).

Like mammals, fish’s immune system includes both cellular and humoral immunity. A significantly higher total blood cell count (TBC) was observed in the scheduled feeding group, especially in the LL environment. Blood cells are an important component of the immune system in fish, and they play an irreplaceable role in innate and adaptive immunity (Kordon et al., 2018; Zhu and Su, 2022). High levels of TBC respond to a stronger immune function. Fish humoral immunity consists mainly of immunoglobulin and complements (Abdollahpour et al., 2021). Immunoglobulin M (IgM) is the dominant immunoglobulin in fish serum and is the first line of defense in the adaptive immune response (Xia et al., 2014; Mashoof and Criscitiello, 2016). The complement system is an important component of innate immunity in teleost and plays a role in adaptive immunity as a bridge between innate and adaptive immunity (Bavia et al., 2022). IgM triggers the classical pathway of complement activation, and the immune complex of antigen, IgM, and activated complement 3 (C3) significantly enhances the B-cell antibody response (Boes, 2000). In the complement system, C3 is the central component that plays an important role (Meng et al., 2019). Also, complement 4 (C4) plays an important role in complement activation and humoral defense (Holland and Lambris, 2002). Previous studies have shown a rapid increase in serum C3 in rainbow trout exposed to acute stress (Demers and Bayne, 2020). When grass carp (Ctenopharyngodon idella) are infested with Aeromonas hydrophila, the level of C3 increases to help repair damaged tissues (Meng et al., 2019). On the other hand, chronic stress also resulted in increased IgM and C3 levels in northern snakehead (Channa argus) serum (Li et al., 2019a; Li et al., 2019b) and common carp (Cyprinus carpio) liver (Qiu et al., 2018). Similarly, chronic high concentrations of thyroxine treatment induced stress in the sterlet sturgeon (Acipenser ruthenus) (significant high levels of serum cortisol, glucose, and lactate) while causing an increase in serum IgM, C3, and C4 levels (Abdollahpour et al., 2021). The present study observed high serum IgM, C3, and C4 levels in the LL, R, and D groups. The above results suggested that long-term exposure to LL and random/nocturnal feeding may be a stressor for juvenile rainbow trout and affect the immune system.

Cytokines are small molecular glycoproteins secreted by immune cells and play an important role in the innate immune response (Sakai et al., 2021). In northern snakehead (Channa argus), long-term exposure to selenium resulted in the upregulation of il-1β, il-8, and tnf-α genes expression (Li et al., 2019a; Li et al., 2019b). When pufferfish (Takifugu rubripes) were treated with lipopolysaccharide or polyinosinic-polycytidylic acid, the expression of il-1β, il-6, and tnf-α genes showed a significant increase (Sakai et al., 2021). Similarly, Chronic exposure to the ionic liquid [C8mim] Br resulted in increased levels of il-1β, il-6, and tnf-α in silver carp (Hypophthalmichthys molitrix) spleen (Ma et al., 2019). The above results suggest that the cytokine gene expression would be upregulated in some fish under stress. In this study, LL upregulated the expression of cytokine genes in the liver of juvenile rainbow trout. In addition, cytokine gene expression in the liver and intestine was significantly upregulated in the D-LD group. This result further indicated that LL and nocturnal feeding might cause stress to juvenile rainbow trout.

Photoperiodic changes are considered a chronic stressor in fish (Valenzuela et al., 2022). In the present study, the malondialdehyde (MDA) content in the liver of the LL group was significantly higher than that of the LD, while the catalase (CAT) activity was significantly lower than that of the LD. Similar results were reported for European Sea Bass (Dicentrachus labrax L.) (Li et al., 2021) and largemouth bass (Micropterus salmoides) (Malinovskyi et al., 2022). In addition, the feeding regime also affected the liver MDA content. Under LL, the D group obtained significantly higher MDA and lowest superoxide dismutase (SOD) activity, while under LD, the R group obtained significantly higher MDA. A significantly lower MDA was observed in the intestine under both photoperiods in the L group. Feeding that does not match its feeding rhythm has been found to negatively impact animal health and welfare (Oishi and Hashimoto, 2018), and rainbow trout are typically diurnal feeders (Iigo and Tabata, 1997; Bolliet et al., 2001). In addition, random feeding has been widely reported as a stressor in fish (Sánchez et al., 2009; Saiz et al., 2021). An unsuitable environment is a challenge and a stressor for fish. Anti-stress is a highly energy-consuming process (Chen et al., 2021), and fish need to satisfy additional energy requirements by increasing their energy metabolic rate (De Boeck et al., 2000; Lu et al., 2018). As a natural sub-product of cellular respiration, reactive oxygen species (ROS) production in mitochondria is also elevated under stress conditions (Luo et al., 2006; Mailloux, 2020). ROS is a highly reactive molecule; under normal conditions, organisms have a complete antioxidant system, including SOD and CAT, that can effectively scavenge ROS (Hoseinifar et al., 2020). MDA is a product of lipid peroxidation and is widely used to reflect the degree of oxidative damage in fish (Mendes et al., 2009; Sun et al., 2022). The above results suggest that long-term exposure to LL and random/nocturnal feeding can cause oxidative damage to juvenile rainbow trout.

However, the opposite result was observed in the serum, with significantly lower MDA levels in the random feeding group than in the scheduled feeding group (D and L). One possible reason relates to the unsaturation of fatty acids in the serum, with more unsaturated fatty acids being more susceptible to oxidation (Lynn and Brown, 1959; Zhang et al., 2007), and we detected a higher ratio of monounsaturated and polyunsaturated fatty acids in the serum of the scheduled feeding group (data in a separate unpublished article). Additional evidence was found for significantly higher serum total antioxidant capacity (T-AOC) and SOD activities in the scheduled feeding group, suggesting that the antioxidant capacity was not limited in the scheduled feeding group.

Severe oxidative stress often causes cellular damage and apoptosis (Chandra et al., 2000). Two main pathways initiate apoptosis, the endogenous pathway (mitochondrial pathway) and the exogenous pathway (death receptor pathway). The endogenous apoptotic process begins with the release of cytochrome C (Cytc) from the mitochondria into the cytoplasm induced by cell death signals, which activates caspase and initiates the apoptotic program (Cheng et al., 2015). The exogenous pathway is activated by tumor necrosis factor (TNF) family receptors, which receive extracellular death signals and activate downstream caspase to initiate apoptosis (Gao et al., 2013). In addition, BCL-2 and BAX regulate apoptosis by affecting the release of mitochondrial Cytc during apoptosis (Cory and Adams, 2002). BAX is regulated by upstream p53 (Liu et al., 2005). p53 repairs cell DNA damage or induces cancer cell apoptosis (Polyak et al., 1997; Fridman and Lowe, 2003). In addition, p53 affects the transcription of gpx and mnsod genes in response to oxidative stress (Hussain et al., 2004). In this study, liver cytc gene expression was upregulated in the R group, and bcl2 gene expression was upregulated in the D-LD group. Under LL, the expression of p53 and bax genes was significantly higher in the L group than in the R group. This result indicated that the livers of the R and D-LD groups were subjected to oxidative stress and initiated the process of apoptosis. And the higher expression of the p53 gene may reflect the repair of damaged cells. A similar expression trend to p53 was also reflected in the expression of antioxidant enzyme genes gpx, sod1, sod2, and cat, which further supported that the scheduled feeding (especially the L group) mitigated oxidative damage by increasing the expression of antioxidant enzyme genes, thereby reducing apoptosis.

Under LL, p53 and bax gene expression in the intestine was significantly higher in the L group than in the R group. However, the opposite phenomenon appeared under LD, with the lowest p53 expression level in the L group. The antioxidant genes sod1 and sod2 showed a similar trend under LD. The lowest MDA levels were detected in the L-LD group, which indicated that the rainbow trout in this group were subjected to minimal oxidative stress and therefore, low levels of p53, sod1, and sod2 gene expression also indicated that the fish were in a low-stress state. Similarly, the expression levels of casp6 and casp8 genes were significantly lower in the L-LD group.

Further H&E staining of liver paraffin sections revealed the presence of different degrees of pathological changes between the different groups. The R and D groups had significant capillary dilatation and erythrocyte sludge. This result suggested that random and nocturnal feeding could damage the liver of juvenile rainbow trout. On the other hand, TUNEL staining was used to detect apoptosis in liver cells (Liu et al., 2022), and it was found that a large number of apoptotic cells were observed in the D-LD group, and almost no apoptotic cells were observed in L-LL and L-LD. Overall, the histological observations of liver sections demonstrated that random and nocturnal feeding caused damage to the liver of rainbow trout, resulting in apoptosis. In contrast, there was no liver damage or apoptosis in the diurnal feeding group.



Conclusions

In this study, chronic exposure to LL caused oxidative stress in juvenile rainbow trout and affected liver health and immune system function. On the other hand, random and nocturnal feeding was also a stressor for juvenile rainbow trout, causing oxidative damage and apoptosis. The oxidative damage of LL was mitigated by scheduled diurnal feeding. Therefore, scheduled diurnal feeding could mitigate oxidative damage to rainbow trout from the lack of a photoperiodic environment. Further studies are needed to elucidate the biological clock mechanisms underlying the effects of photoperiod and feeding time on the health and welfare of juvenile rainbow trout.
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Gene Sequence (5’ to 3’) Reference or Access
number

cytc F: TGGGAAACCGATACCCTCAT  Zhou et al. (2019)
R: GCTCGCCCTTCTTCTTGATG

casp3  F: CTCCGTTGCTGATGACTC Zeng et al. (2021)
R: GCCTTTCTGGGTGTTCCT

casp6  F: TGAGCCACGGAGAGAACGA
R: ACGGCACGCCTGTAGTATG

casp8  F: GCAGCATAGAGAAGCAAGG
R: GTCTTACAGGATTGCGTCG

bax F: TTCGTGACGGTCATGGTTTA  Iturriaga et al. (2017)
R: CCCGTTCCCAGAGAAATGTA

bal-2  F: TGCATCCTGAAACTCTGTGTC
R: CCGAGTCCCCAGGTTGTG

p53 F: GACAACCCTGGAGACCAAGA  Ferain et al. (2021)
R: TCTCATCGTCACTCACAGCA

i1  F: ACATTGCCAACCTCATCATCG Ren et al. (2022)
R: TTGAGCAGGTCCTTGTCCTTG

il-6 F: Zante et al. (2015)
CAGCTTCTTCTTCAGCACGTTAA

R:
CGTAGACACCTCACCCAGAAC
il-8 F: AGAATGTCAGCCAGCCTTGT  Ren et al. (2022)
R: TCTCAGACTCATCCCCTCAGT
tnf-o0  F:
CAAGAGTTTGAACCTCATTCAG
R: GCTGCTGCCGCACATAAAG
gpx F: AATGTGGCGTCACTCTGAGG  Fontagné-Dicharry et al. (2020)
R: CAATTCTCCTGATGGCCAAA
sodl F: TGGTCCTGTGAAGCTGATTG
R: TTGTCAGCTCCTGCAGTCAC
sod2  F: TCCCTGACCTGACCTACGAC
R: GGCCTCCTCCATTAAACCTC
cat F: TGATGTCACACAGGTGCGTA
R: GTGGGCTCAGTGTTGTTGAG
efla F: TCCTCTTGGTCGTTTCGCTG Panserat et al. (2020)
R: ACCCGAGGGACATCCTGTG

cytc, Cytochrome ¢; casp3, Caspases 3; casp6, Caspases 6; casp8, Caspases 8; bax, Bcl2-
associated X; bcl-2, B-cell lymphoma-2; p53, Tumor suppressor p53; il-13, Interleukin-1;
il-6, Interleukin-6; il-8, Interleukin-8; tnf-o;, Tumor necrosis factor-o; gpx, Glutathione
peroxidase; sodI, Cytosolic Cu/Zn superoxide dismutase; sod2, Mitochondrial Mn
superoxide dismutase; cat, Catalase; efl ¢, Elongation factor-10o.
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