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Abstract

:

Animals acquire nutrients and energy through feeding to achieve a balance between growth and organismal health. When there is a change in nutrient acquisition, the state of growth changes and may also cause changes in the intrinsic immune system. Compensatory growth (CG), a specific growth phenomenon, involves the question of whether changes in growth can be accompanied by changes in innate immunity. The zebrafish (Danio rerio), a well-known fish model organism, can serve as a suitable model. In this study, the zebrafish underwent 3 weeks of fasting and refeeding for 3 to 7 day periods. It was found that CG could be achieved in zebrafish. Zebrafish susceptibility to Streptococcus agalactiae increased after starvation. In addition, the amount of melano-macrophage centers increased after fasting and the proportion of injured tubules increased after refeeding for 3 and 5 days, respectively. Furthermore, the kidneys of zebrafish suffering from starvation were under oxidative stress, and the activity of several antioxidant enzymes increased after starvation, including catalase, glutathione peroxidases and superoxide dismutase. Innate immune parameters were influenced by starvation. Additionally, the activity of alkaline phosphatase and lysozyme increased after starvation. The mRNA expression of immune-related genes like il-1β was elevated to a different extent after fasting with or without lipopolysaccharides (LPS) challenge. This study showed that the function of the innate immune system in zebrafish could be influenced by nutrition status.
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1. Introduction


Basic life activities are dependent on the energy supply of the organism. The nutrient state of the animal body can influence the functioning of the immune system [1,2]. Compensatory growth (CG) is a period of rapid growth after a phase of growth suppression, which can be caused by a shortage of food and other environmental factors [3,4]. This phenomenon was first recorded in mammals and was eventually found in birds [3] and teleosts [5]. CG is divided into two phases: the catabolic phase and the hyper anabolic phase [6]. One of the basic patterns of CG is fasting and refeeding. After refeeding, fish can experience partial, full, over- or no compensation [4]. The special feeding regime of CG is regarded as a potential way to improve production efficiency in farmed species [7].



The innate immune response is the first boundary of host defense, protecting organisms from pathogens. In fish, organs of the immune system include the thymus, head kidney, caudal kidney, gills, liver and gut [8,9]. A broad range of cell types take part in nonspecific cellular defense responses in fish, including monocytes/macrophages, nonspecific cytotoxic cells and granulocytes (neutrophils). Immunometabolism is the interplay between immunological and metabolic processes [10]. The metabolic status of fish can affect their immune function. In humans, the nutritional state influences immune cell counts—and their activity [11]. It was found that the function of the immune system in mice could be affected by their metabolic state [12,13,14]. Intermittent fasting in crucian carp (Carassius auratus) changed the gut bacterial communities and increased the activity of super oxide dismutase (SOD) and lysozyme [15]. Starvation also alters the gene expression of innate immune responses in the livers of salmon [16]. In addition, studies on the effects of the metabolic state on the immune system can be found in other teleosts [17,18,19]. However, the influence of the metabolic state upon the immune system in teleosts is still poorly understood. Oxidative stress can limit the function of the innate immune system and induce components like toll-like receptors [20,21]. Meanwhile, starvation can increase the production of ROS and cause autophagy [22,23]. It would be worth exploring whether oxidative stress mediates the relationship between starvation and immunity.



Zebrafish (Danio rerio) area widely applied model in the study of immunity and disease. The innate immune systems of zebrafish begin to develop on day 1 of embryogenesis, and the adaptive immune system is absent until 4–6 weeks after fertilization. This makes zebrafish a great model for studies of the innate immune system [9]. The kidney is the primary lymphoid organ in zebrafish [24]. The havcr1 gene encodes a transmembrane tubular protein called kidney injury molecule-1 (KIM-1) [25]. KIM-1 is the indicator of tissue damage in the kidney, and the overexpression of KIM-1 causes kidney injury in zebrafish [26]. It was found that fasting could change the metabolic state in zebrafish [27]. Fasting led to decreased oxygen consumption and liver lipid and glycogen contents. It also increased the activity of β-oxidation and gluconeogenesis in liver. Meanwhile, reactive oxygen species (ROS) took part in the CG in zebrafish [28]. ROS, produced in the liver, were necessary for CG in zebrafish because they induced the AMPK pathway. In the present study, we adopted a strategy of fasting and refeeding to explore the pattern of CG in zebrafish. Streptococcus agalactiae caused severe sepsis and meningitis in zebrafish and could infect more than 30 species of fish [29]. We chose Streptococcus agalactiae and lipopolysaccharides (LPS) for injection to explore the influence of CG on the innate immune system, combined with changes in immune-related parameters and gene expression.




2. Materials and Methods


2.1. Zebrafish, Feeding Regimes and Body Weight


The adult zebrafish used in the experiment were purchased from Yuehe Fish-Bird-Flower market (Guangzhou, China) and acclimatized for two weeks. All fish rearing was performed at the fish culture experiment station at Sun Yat-sen University, Guangdong Province, China. All animal experiments were performed in accordance with the guidelines and approval of the Sun Yat-Sen University Animal Care and Use Committee. During the experimental period, pH ranged from 7.8 to 7.9, dissolved oxygen ranged from 6.95 to 7.23 mg/L, and water temperature ranged from 26.5 to 28 °C. Concentrations of ammonia-N and nitrite nitrogen were maintained lower than 0.2 and 0.005 mg/L, respectively. Salinity of water was 0.2 ppt. Zebrafish were maintained in a 12:12-h light-dark cycle. To explore the changes in body weight during fasting and refeeding, body weight was recorded once a week. The initial body weight of the zebrafish in the experiment were 0.35 ± 0.06 g, and they were aged approximately 3 months. The zebrafish were separated randomly into 24 L tanks, and each tank contained 30 fishes. They were offered commercial diet twice daily with satiation feeding. Feeding regimes for each experiment are shown in Table 1. After treatment, zebrafish were anesthetized by overdose MS-222 (Sigma, Burlington, MA, USA) and sacrificed. Then, the kidney was removed to Eppendorf tube and placed into liquid nitrogen immediately. The sample was transferred from liquid nitrogen and stored at −80 °C.




2.2. Streptococcus agalactiae Challenge


The zebrafish undergoing fasting and refeeding were challenged with Streptococcus agalactiae. The Streptococcus agalactiae strain was kindly provided by Professor Anxing Li, School of Life Sciences, Sun Yat-sen University [30]. The zebrafish in each group were further separated into four small groups, with 15 fish in each small group. The zebrafish in three of these groups were anesthetized by 80 mg/L MS-222 and intraperitoneally injected with 5 μL containing 5 × 106 colony-forming units of Streptococcus agalactiae. The remaining zebrafish were injected with 5 μL of PBS. All of the zebrafish were observed for 4 days without feeding. The mortality rate was recorded.




2.3. LPS Injection


The zebrafish undergoing fasting and refeeding (F24, S24 and F21R3) were challenged with LPS (Sigma, Burlington, MA, USA). LPS powder was dissolved in sterile water to a final concentration of 1 mg/mL. Before use, 1 mg/mL LPS was diluted with PBS, and the final concentration was 20 μg/mL. The zebrafish in each group were separated into two small groups, and there were 12 fish in each small group. The fish in the two groups were injected with LPS and PBS. The zebrafish were anesthetized with MS-222 and intraperitoneally injected with 5 μL of 20 μg/mL LPS or PBS. After 3 h, zebrafish were anesthetized and sacrificed. After that, the kidney was removed and kept at −80 °C.




2.4. Histopathology


The zebrafish were maintained with refeeding for 14 days after starvation for 21 days. Samples were taken at days 21, 24, 28 and 35. After sacrifice, zebrafish kidneys were removed and immersed in 4% formaldehyde. Then, the kidneys underwent paraffin sectioning. The sections were stained with hematoxylin eosin (HE) (Beyotime, Shanghai, China) and observed with a light microscope (Olympus, Tokyo, Japan). To quantify the change of injured tubules and melano-macrophage centers (MMCs), 5 non-overlap pictures were captured from each slide. The areas of injured tubules and the whole sample were measured using Cellsens software (Olympus, Tokyo, Japan). From each picture, the proportion of injured tubules was calculated by dividing the area of injured tubules by the area of the whole sample. The quantity of MMCs was counted in each picture, then divided by the area of the whole sample. Then, the fold changes of the MMCs were calculated with group F21 as the standard.




2.5. Related Biochemical Parameter Assay


The contents of malondialdehyde (MDA) and nitric oxide (NO) and the enzymatic activities of SOD, alkaline phosphatase (ALP), catalase (CAT), glutathione peroxidases (GSH-Px) and lysozyme in the kidney were measured with corresponding commercial kits in accordance with the manufacturer’s protocols. In brief, kidneys removed from zebrafish were placed into liquid nitrogen and stored at −80 °C. Before testing, each kidney was taken out and made into homogenate in pre-cold PBS with tissue disruptor. Kidney homogenate was centrifuged at 4 °C and 12,000× g for 10 min and the supernatant was taken as kidney extract for detection. The MDA content was detected with a Lipid Peroxidation MDA Assay Kit (Beyotime, Shanghai, China) and the detection was based on the color reaction between MDA and thiobarbituric acid. The wavelength used was 535 nm. The NO content was measured by a Griess reagent system (Promega, Madison, WI, USA). The Griess reagent system is based on the nitrite reaction with sulfanilamide and N-1-napthylethylenediamine dihydrochloride under acidic condition. The NO content was calculated through a sodium nitrite standard and normalized to protein content. Absorbance was measured with a filter at 490 nm. The activity of lysozyme was detected with a Lysozyme Assay Kit (Thermo Fisher, Waltham, MA, USA) following the manufacturer’s protocol. Kidney extract was incubated with fluorescein-conjugated Micrococcus lysodeikticus cell wall. Fluorescence was measured after 45 min of incubation at 37 °C, at excitation and emission wavelengths of 485 and 535 nm. The value of lysozyme was calculated through a standard curve and normalized to protein content. The enzymatic activities of SOD, ALP, CAT and GSH-Px were separately detected with SOD typed assay kits, alkaline phosphatase assay kits, catalase assay kits and glutathione peroxidase assay kits (Nanjing Jiancheng, Nanjing, China). A unit of SOD activity was defined as the amount of SOD corresponding to 50% inhibition of the nitrobule tetrazolium reduction rate per mg of protein in 1 mL system. The wavelength used was 570 nm. A unit of ALP activity was defined as the volume of enzyme that reacted with the substrate to produce 1 mg of phenol in 30 min at 37 °C and normalized to protein content. The wavelength used was 490 nm. The CAT activity was based on the consumption of hydrogen peroxide. The wavelength used was 405 nm. The activity of GSH-Px was measured by the rate of catalyzing reaction between hydrogen peroxide and GSH. Subtracting the non-enzymatic reaction, a unit of GSH-Px activity was defined as the reduction of 1 mol/L in GSH concentration in each system. The wavelength used was 405 nm. The concentration of protein was measured with a BCA Protein Assay Kit (Beyotime, Shanghai, China). The wavelength used was 570 nm.




2.6. ROS Production


The content of ROS in the kidney was determined with the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCF-DA) (Sigma, Burlington, MA, USA) as previously described [28]. In brief, kidney removed from zebrafish was placed into pre-cold 100 μL PBS and made into homogenate with tissue disruptor. After centrifugation for 10 min with 10,000× g in 4 °C, 20 μL of kidney extract was added to 96-well black microplates, and 25 μM of DCF-DA was added to each well. The microplate was incubated at 37 °C for 30 min. Fluorescence was measured in a multilabel plate reader (PerKinElmer Victor X5, Waltham, MA, USA) with excitation and emission filters set at 485 and 535 nm. The protein content of kidney extract was measured with a BCA Protein Assay Kit. The content of ROS for each sample was calculated by normalizing the fluorescence value to the protein content. The concentration of protein was measured with a BCA Protein Assay Kit (Beyotime, Shanghai, China). The wavelength used was 570 nm.




2.7. Respiratory Burst Assay


Zebrafish undergoing fasting and refeeding (F24, S24 and F21R3) were used to measure respiratory burst activity. The protocol for the respiratory burst assay was performed according to a previously published method [31,32]. In brief, the kidneys were separated from the anesthetized zebrafish and placed in 96-well microplates with 100 μL of Dulbecco’s modified Eagle’s medium (DMEM)/F-12. After incubation of the plate for 30 min at 28 °C, 100 μL of DMEM/F-12 containing DCF-DA, dimethylsulfoxide (DMSO) and phorbol myristate acetate (PMA) (Thermo Fisher, Waltham, MA, USA) was added to each detected well. Meanwhile, 100 μL of DMEM/F-12 containing DMSO was added to each control well. The final concentrations of the different solutions were as follows: 500 ng/mL DCF-DA, 0.2% DMSO and 200 ng/mL PMA. Fluorescence was measured in a multilabel plate reader with excitation and emission filters set at 485 and 535 nm. The fluorescence of each well was measured immediately after the addition of solutions to the well and every 15 min thereafter for 150 min. The time point to compare fluorescence values was 150 min. The fluorescence values of the uninduced control group were subtracted from the fluorescence values of the individual PMA-induced groups. The normalized fluorescence values were calculated. These normalized fluorescence values were sorted into three columns.




2.8. RNA Extraction and Real-Time PCR


The frozen kidneys were ground in TRIzol (Omega, Norcross, GA, USA) and total RNA was separated according to protocol [33]. After digestion with DNase1 (NEB, Ipswich, MA, USA), cDNA was produced by a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher, Waltham, MA, USA) with Random Hexamer Primer. qRT-PCR was set up in 10 μL reaction mixtures containing 5 μL of 2× SYBR Green qPCR Master Mix (Bimake, Houston, TX, USA). All samples were run in duplicate and normalized to eEF1a1a expression. The sequences of the oligonucleotide primers used in the present study are described in Supplemental Table S1. The relative mRNA quantification of the target to the reference was determined using the 2−ΔΔCTmethod [34].




2.9. Statistical Analysis


Quantitative data are shown as the mean value ± SD. Statistical analyses were performed with SPSS version 24 (SPSS Inc., Chicago, IL, USA). The statistical comparisons between two groups were carried out using Student’s t-test or nonparametric test, depending on the result of the test of normality. The analyses for multiple groups with normal distribution were performed using one-way ANOVA, and the rest were performed using nonparametric tests. All the statistics data and methods can be checked in Table S2.





3. Results


3.1. Changes in Body Weight and Antibacterial Properties of Zebrafish during Fasting and Refeeding


Full compensatory growth was realized in zebrafish. After fasting for 7 to 14 days, zebrafish lost at least 15% body weight. Following 14 days of refeeding, the body weight of zebrafish in the fasting group caught up with that of the control group (Figure 1A–C). After fasting and refeeding, in order to explore the resistance of zebrafish to pathogens, they were intraperitoneally injected with Streptococcus agalactiae. Zebrafish in the fasting group had an increased mortality rate compared with the control group. With the extension of refeeding, the mortality rate continued to decrease (Figure 1D).




3.2. Morphologic Alterations of the Kidneys of Zebrafish during Fasting and Refeeding


Kidney is the main immune tissue in zebrafish. Starvation caused morphological changes in the kidneys. After 21 days of fasting, the kidney exhibited obvious morphological changes. We found that more injured tubules with hyaline droplets appeared after refeeding for 3 and 5 days. This situation improved at 7 days. In addition, it was observed that the number of melano-macrophage centers (MMCs) in the kidney increased after starvation (Figure 2A–C). Along with refeeding, this symptom was rescued. The mRNA expression of havcr1 increased after fasting (Figure 2D), showing that starvation may cause kidney injury.




3.3. Oxidative Stress Was Triggered during Fasting and Refeeding


MDA content was enhanced significantly after fasting for 21 and 24 days and decreased after 3 days of refeeding (Figure 3A). However, the content of ROS decreased with 24 days of starvation and recovered with refeeding for 7 days (Figure 3B). The content of NO increased after fasting for 21 days (Figure 3C). The activity of antioxidant enzymes, including SOD, GSH-Px and CAT, increased after fasting. The activities of GSH-Px and CAT rapidly decreased and recovered at day 3 of refeeding. Although the activity of SOD declined with refeeding, it was still higher than that of the control (Figure 4).




3.4. The Innate Immune System of the Zebrafish Kidney Was Affected by Fasting and Refeeding


The activity of ALP increased in the kidney after fasting and decreased after refeeding (Figure 5A). With refeeding for 7 days, there was no significant difference between the refeeding group and the control. The activity of lysozyme in the kidney showed a similar trend to ALP, which increased with fasting (Figure 5B). It declined rapidly after refeeding. The respiratory burst response in the kidney showed no significant changes in different groups, but the response was higher in the fasting and refeeding group (Figure 5C). The mRNA expression of the proinflammatory cytokine il-1β showed a remarkable increase in all fasting groups but promptly declined after refeeding (Figure 6A). The mRNA expression of tgfb1a and tgfb1b showed the same trend as il-1β (Figure 6E,F). However, the mRNA expression of nfκb1 only notably increased after starvation for 24 days and decreased after refeeding for 3 days. The mRNA expression of nfκb2 showed a trend similar to that of nfκb1 (Figure 6B,C). The gene arg2 encodes arginase Ⅱ, which is related to the proinflammatory response. In addition, the mRNA expression of arg2 increased remarkably in all fasting groups and was reduced after refeeding (Figure 6D). After challenging the zebrafish who went through fasting and refeeding, the response was stronger in the fasting group. The mRNA expression of il-1β and mmp9 in LPS-treated fasting group was significantly higher than that in the LPS-treated control or refeeding groups (Figure 7).





4. Discussion


In the present study, we found that full CG could be realized in zebrafish after different durations of starvation. Even after 3 weeks of fasting, the body weight of zebrafish reached that of the control group after two weeks. This result was consistent with previous work [28]. Studies have shown that starvation and refeeding influence the metabolic state of zebrafish [27,28]. In farmed species, the significance of CG is that it improves the efficiency of production. It is important for farmed species to maintain antibacterial properties during fasting and refeeding. During this process, zebrafish have the potential to suffer from pathogens. It was reported that starvation did not influence the immune response in infected Piaractus mesopotamicus [18]. Unfortunately, fasting promoted zebrafish susceptibility to S. agalactiae. Simultaneously, biochemical parameters and mRNA expression of the innate immune system were influenced by starvation.



In zebrafish, lymph nodes are absent, and the kidney is the primary lymphoid organ, equivalent to mammalian bone marrow [24]. In adult zebrafish, the kidney is the major site of hematopoiesis [35]. The populations in kidney marrow contain many hematopoietic cell types, including macrophages, neutrophils and lymphocytes [36,37]. The proper function of the kidney is important for the innate immune system in zebrafish. In the present study, we observed some morphological changes in the kidneys of zebrafish subjected to starvation. The deposition of MMCs in the kidney significantly increased after starvation. It was previously found that starvation could cause the deposition of melano-macrophages (MMs) in the kidney and spleen in fish [38]. MMCs mainly appear in the kidney, liver and spleen and are diffuse and less structured in the kidney [39]. MMCs are considered to function in both immune defenses and normal, nonimmunological, physiological processes. The primary function of MMCs is phagocytosis. It is thought that MMCs may take part in both innate and adaptive immune responses. The addition of MMCs after starvation may be due to hemophagocytosis and clearance of cell debris. In addition, in the early days of refeeding, the structure of hyaline droplets was observed. The presence of hyaline droplets is thought to be indicative mainly of alpha2u-globulin in tubular epithelial cells [40]. In addition, in a model of histiocytic sarcoma, neoplastic histiocytes produced lysozyme, and lysozyme accumulated in tubular epithelial cells [41]. In summary, the formation of hyaline droplets occurs because the kidney cannot digest the protein that accumulates in tubular epithelial cells. The level of KIM-1 (encoded by havcr1) can indicate the structural damage of tubules [42]. After starvation, the mRNA expression of havcr1 notably increased and decreased with refeeding. We can predict that the function of the kidney is impaired by fasting, and with refeeding, kidney function recovers. However, the requirements are burdensome at the beginning of refeeding.



Phagocytosis is an important process of defense in the innate immune system in fish. Oxidative stress will limit the immune response [20]. Antioxidant defense mainly depends on enzymes. SOD, GPx and catalase are important components of antioxidant systems [43]. SOD mediates the conversion of superoxide anion and H2O2. Catalase takes part in the detoxification of H2O2 to water. GPx catalyzes hydroperoxides (e.g., H2O2 and lipid hydroperoxides) to H2O by oxidizing glutathione (GSH) into glutathione disulfide (GSSH) [43,44,45]. MDA is one of the main lipid oxidation products and is produced from polyunsaturated fatty acids (PUFAs) by chemical reactions and reactions catalyzed by enzymes. ROS can peroxidize PUFAs to generate MDA. MDA content is a biomarker commonly used to assess oxidative stress [46]. In the present work, even though the content of ROS decreased, the content of MDA in the kidney increased remarkably, and the activity of all enzymes belonging to the antioxidant system was also elevated. The detection of ROS is a transient response. The change of activity of antioxidant enzyme was the result of long-term fasting. The contrary trends between ROS and antioxidant enzymes may be due to the fact that normal cellular activity processes produce ROS, while prolonged starvation leads to diminished cellular activity. This result showed that starvation caused oxidative stress in the kidney in a chronic manner. Persisting oxidative stress may cause damage to substances in cells such as lipids and proteins and finally lead to apoptosis and the accumulation of oxidized molecular aggregates [20]. In teleosts, it was reported that starvation induced the content of MDA in the liver and intestine and increased the activity of antioxidant enzymes [47,48,49]. These results implied that although the antioxidant system was activated, it was not sufficient to clear the damage caused by starvation. Meanwhile, oxidative stress can activate a large range of transcription factors, such as NF-κB, Nrf2 and HIF-1α. Subsequently, these transcription factors induce the expression of many cytokines and chemokines. Thus, oxidative stress can lead to chronic inflammation [44].



Challenged with Streptococcus agalactiae, the zebrafish in the fasting group suffered higher mortality than those in the control group. Meanwhile, the activity of ALP and lysozyme improved with starvation. Lysozyme is an important component in the innate immune system of fish and takes part in the process of phagocytosis [50]. According to the results, starvation caused the mRNA expression of il-1β, nfκb1, tgfb1a, tgfb1b and arg2. These changes may be caused by oxidative stress. TGFB1 is a cytokine that has both pro- and anti-inflammatory effects [51]. Recombinant TGFB1 showed immunosuppressive activity and downregulated the expression of pro-inflammatory cytokines in leucocyte of teleosts. In zebrafish, the expression of tgfb1a caused inflammation in the liver [52]. Chronic tgfb1a induction activated inflammation, and its expression induced liver fibrosis in early hepatocellular carcinoma in zebrafish. Arginase is a primordial enzyme and is responsible for converting L-arginine into L-ornithine and urea. Arginase has two isoenzymes (arginase Ⅰ and arginase Ⅱ) [53,54]. Arginase Ⅱ is an immune-related gene and was found to be related to proinflammatory responses in macrophages via mitochondrial ROS. These data showed that starvation can induce an immune response in the kidney. In mice, starvation decreased the sensitivity to LPS and did not influence the expression of il-1β [55]. However, zebrafish stimulated with LPS exhibited a rough response to LPS, and the expression of il-1β and mmp9 was significantly higher than in the other groups. In contrast to mice, zebrafish became more sensitive to LPS after starvation, so starvation may impair their ability to clear pathogens.




5. Conclusions


In the present study, we preliminarily explored the influence of fasting and refeeding on the innate immune system of zebrafish. Compensatory growth was realized in zebrafish, accompanied by increased susceptibility to pathogens after starvation. Oxidative stress—caused by starvation and the danger-associated molecular patterns produced by injured renal tubules—may have contributed to inflammation. Further study is needed to explore how starvation increases susceptibility and how the metabolic state influences different kinds of immune cells.
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Figure 1. The model of compensatory growth in zebrafish. A to C: the body weight change of zebrafish during fasting and refeeding. (A) The zebrafish were fasted for 7 days and refed for 28 days. (B) The zebrafish were fasted for 14 days and refed for 21 days. (C) The zebrafish were fasted for 21 days and refed for 14 days. n = 21–22. (D) The survival rate of zebrafish which were intraperitoneally injected with S. agalactiae; F: feeding; S: starvation; R: refeeding. n = 3, *: p < 0.05, **: p < 0.01; ***: p < 0.001. 
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Figure 2. Morphological changes in the kidneys of zebrafish during fasting and refeeding. (A) HE-staining of kidney in zebrafish during fasting and refeeding. Black triangle denotes injured tubules. Red arrow denotes MMCs. Red star denotes hyaline droplets. (B) Statistic analysis of proportion of injured tubules in kidney. (C) Statistic analysis of MMCs in kidney. n = 3–4. (D) The mRNA relative expression of havcr1 gene in kidney of zebrafish during fasting and refeeding. n = 8–10. F: feeding; S: starvation; R: refeeding. *: p < 0.05. 
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Figure 3. Oxidative stress in the kidneys of zebrafish during fasting and refeeding. (A) The content of MDA in kidney. (B) The change of ROS in kidney. (C) The content of NO in kidney. F: feeding; S: starvation; R: refeeding. n = 6–10. *: p < 0.05, **: p < 0.01; ***: p < 0.001. 
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Figure 4. The activity of enzymes in the antioxidant systems in kidneys of zebrafish during fasting and refeeding. (A) The activity of SOD in kidney. (B) The activity of GSH-Px in kidney. (C) The activity of CAT in kidney. F: feeding; S: starvation; R: refeeding. n = 6–10. *: p < 0.05, **: p < 0.01; ***: p < 0.001. 
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Figure 5. The parameters of the innate immune system in the kidneys of zebrafish during fasting and refeeding. (A) ALP activity in kidney of zebrafish during fasting and refeeding. (B) Lysozyme activity in kidney of zebrafish during fasting and refeeding. (C) The respiratory burst response of kidney in zebrafish after fasted and refed. (C1) The value of fluorescence/protein of kidney at different times. (C2) Fluorescence/protein values of kidney at 150 min. (C3) Normalization of the value of fluorescence/protein of kidney at 150 min. F: feeding; S: starvation; R: refeeding. n = 12. *: p < 0.05, **: p < 0.01; ***: p < 0.001. 
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Figure 6. The mRNA relative expression of immune-related genes in the kidneys of zebrafish during fasting and refeeding. (A–F):il-1β, nfκb1, nfκb2, arg2, tgfb1a and tgfb1b. F: feeding; S: starvation; R: refeeding. n = 8–10. *: p < 0.05, **: p < 0.01; ***: p < 0.001. 
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Figure 7. The mRNA relative expression of immune-related genes in the kidneys of zebrafish challenged with 5 μL of 20 μg/mL LPS after fasting and refeeding. (A–C) il-1β, mmp9 and nfκb1. F: feeding; S: starvation; R: refeeding. n = 8–12. *: p < 0.05, **: p < 0.01; ***: p < 0.001. 






Figure 7. The mRNA relative expression of immune-related genes in the kidneys of zebrafish challenged with 5 μL of 20 μg/mL LPS after fasting and refeeding. (A–C) il-1β, mmp9 and nfκb1. F: feeding; S: starvation; R: refeeding. n = 8–12. *: p < 0.05, **: p < 0.01; ***: p < 0.001.



[image: Biomolecules 11 00825 g007]







[image: Table] 





Table 1. Feeding regime for each experiment.






Table 1. Feeding regime for each experiment.





	
Experiment

	
Feeding Regime






	
body weight

	
group1: feeding for 35 days;

group2: starving for 7 days and refeeding for 28 days;

group3: starving for 14 days and refeeding for 21 days;

group4: starving for 21 days and refeeding for 14 days;




	
histopathology

	
F21: feeding for 21 days;

S21: starving for 21 days;

S21R3/5/7/14: starving for days and refeeding for 3/5/7/14 days;




	
biochemical parameter assay

	
F21/24/28: feeding for 21/24/28 days;

S21/24/28: starving for 21/24/28 days;

S21R3/7: starving for days and refeeding for3/7 days;




	
ROS production




	
immune-related gene expression




	
Streptococcus agalactiae challenge

	
F24: feeding for24 days;

S24: starving for 24 days;

S21R3/7: starving for days and refeeding for3/7 days;




	
LPS injection




	
respiratory burst assay
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