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The supplementation of gossypol in excess is noted to cause detrimental effects such as the reduction of antioxidant enzymes and disruption of lipid metabolism in animals. Studies regarding the effects of different levels of gossypol are very rare; thus, this study was conducted to evaluate the effects of low and high dietary levels of gossypol and of supplementation with 0.13 % sodium butyrate (NaB) under high gossypol conditions on the growth performance and intestinal health of hybrid grouper (Epinephelus fuscoguttatus♀×Epinephelus lanceolatus♂). Four treatments were used: Feed containing 40% fish meal was used as the control group [fishmeal (FM)], the FM diet plus 0.03% gossypol acetic acid (abbreviated as gossypol) as the low-level gossypol group (gL), FM + 0.15% gossypol was used as the high-level gossypol group (gH), and FM+0.15 % gossypol with 0.13 % NaB as the repair group (gHNaB). All diets were isonitrogenous and isolipidic. The results showed that the gL treatment significantly increased specific growth rate (SGR) and feed utilization; upregulated mRNA levels of distal intestinal transforming growth factor-β1 (tgfβ1), jam, occludin, claudin3, and zo1; and downregulated mRNA levels of il8, ifnγ, and akt. The gH treatment significantly reduced SGR and feed utilization; increased distal intestinal total nitric oxide synthase (NOS) activity and nitric oxide (NO) content; upregulated mRNA levels of distal intestinal tnfα, il1β, il6, ifnγ, caspase2, caspase9, and akt; and downregulated mRNA levels of tgfβ1, jam, and zo1. NaB supplementation significantly increased distal intestinal total NOS activity and NO content; downregulated distal intestinal tnfα, il1β, ifnγ, pi3k p85, and akt mRNA levels; and increased distal intestinal tgfβ1, jam, occludin, and zo1 mRNA levels. Above all, low- and high-level gossypol exhibited positive and negative effects on growth performance, distal intestinal anti-inflammatory capacity, and tight junctions, respectively, in hybrid groupers. NaB supplementation improved distal intestinal anti-inflammatory capacity and tight junctions in hybrid groupers to a certain extent.
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INTRODUCTION

Hybrid grouper (♀Epinephelus fuscoguttatus × ♂Epinephelus lanceolatus) is a coastal warm-water, broad-salt fish that is widely cultured in southern China and has high economic value. In 2017, the Ministry of Agriculture included groupers in the National Technical System of the Marine Fish Industry. It has been reported that the feed protein content requirement of hybrid grouper can reach 50% (Rahimnejad et al., 2015; Jiang et al., 2016), and the content of fishmeal (FM) in feed is also up to 50% or more. The global shortage of FM resources has seriously limited the development of the grouper industry. Therefore, finding suitable protein sources to replace FM has become a long-term research focus in aquatic animal nutrition.

Cottonseed meal is a by-product obtained from cottonseed after oil extraction and is used as a protein source for aquatic animal feed because it contains up to 40–45 % crude protein (Kumar et al., 2021). However, intake of high levels of cottonseed meal can cause negative effects, such as reduced growth performance, organ damage, and reduced reproductive capacity in fish (Mbahinzireki et al., 2015). These negative effects may be related to the presence of antinutritional factors, including gossypol. Gossypol is a polyphenolic compound isolated from the pigment gland of cottonseed, a natural yellow pigment, and is the main antinutritional factor present in cottonseed meal (Krogdahl et al., 2010; Bian et al., 2017). The active hydroxyl group of free gossypol combines with lysine, and this complex reduces the availability of lysine in the cotton meal. Gossypol can also form complexes with protein, affecting animal growth, while the active aldehyde group can be combined with iron ions, interfering with the synthesis of hemoglobin. This gossypol/iron interaction reduces the number of red blood cells in the animal body, thereby causing iron deficiency anemia in animals (Cao et al., 2018).

In laying hens, diets containing high levels of gossypol led to the disruption of lipid metabolism and reduced antioxidant function (Hou, 2014). In the rumen, the 0.1 mg/g addition of gossypol significantly increased the number of total bacteria abundance and fiber-degrading bacteria and improved the degradation rate of dry matter (Hou, 2012). These results, across multiple livestock species, indicate that the effects of gossypol vary depending on the concentration and species. Similarly, diets high in cottonseed have negative effects on fish (Deng et al., 2014): This is mainly due to the presence of gossypol, which has phenolic and carbonyl groups that can react with acids and amines, thus causing anorexia, diarrhea, and eventually death (Rinchard et al., 2003). Studies have shown that high-level gossypol inhibits the growth performance of rainbow trout and causes damage to the liver and spleen (Herman, 1970). The addition of 900 mg/kg of gossypol to the feed significantly reduced the weight gain (WG) and feed utilization of channel catfish (Ictalurus puctatus) (Yildirim et al., 2003), while the growth performance of gibel carp (Carassius auratus gibelio) was significantly reduced when dietary gossypol went above 300 mg/kg, with gossypol residue in the tissues increased (Jiang, 2011); at levels above 900 mg/kg, the liver function of the gibel carp was also damaged. When cottonseed protein concentrate (CPC) was used to replace FM, the growth of hybrid grouper (Yin et al., 2018) and golden pompano (Trachinotus ovatus) (Shen et al., 2020) was significantly increased at low-level substitution. We suspect that this facilitation effect is related to the low-level gossypol contained in the CPC. However, the mechanism of this low-level gossypol or CPC addition has rarely been investigated.

Currently, the solution to reduced fish growth rates caused by high levels of dietary plant protein is usually to supplement the feed with additives. Sodium butyrate (NaB) has been widely reported as an alternative to antibiotics in promoting growth, nutrient absorption, and immunity in aquatic animals. NaB can significantly improve the growth performance of grass carp (Ctenopharyngodon idella) (Liu et al., 2017) and tilapia (Oreochromis niloticus) (Ahmed and Sadek, 2015), maintain the normal morphology of intestinal epithelial cells (Claus et al., 2007), and improve the antioxidant capacity of gilthead seabream (Sparus aurata) (Robles et al., 2013). However, it has not been reported whether the addition of NaB after high-level gossypol can have a positive effect on hybrid grouper.

The health of fish intestines is closely related to growth. Antimicrobial peptides, lysozyme, and immunoglobulins in the fish intestine form an immune barrier. In addition, tightly connected molecules in the intestine are important for maintaining normal intestinal structure and nutrient absorption. Therefore, a systematic and in-depth study of gossypol is necessary for the intestinal health of aquatic animals and the sustainable development of aquaculture.

In a previous study in our laboratory, we found that CPC as a replacement for FM had a nonlinear, parabolic effect on specific growth rate (SGR) in hybrid grouper (Yin et al., 2018), which we speculate is closely related to the residual gossypol in CPC. Currently, there is a gap in research on gossypol in hybrid grouper. Therefore, in the present study, we investigated the effects of gossypol on the growth performance, serum immunity, and intestinal health of hybrid grouper, as well as the restorative effect of NaB by supplementing low- and high-level gossypol, and supplementing the high-level gossypol with appropriate levels of NaB to provide a theoretical basis and reference for the efficient use of cottonseed meal in aquafeeds.



MATERIALS AND METHODS


Experimental Diets

The composition of the basal diet is presented in Table 1. Gossypol-acetic acid (1 mg = 0.8962 mg gossypol, abbreviated as gossypol) used in this study was obtained from Ci Yuan Biotechnology Co., Ltd. Shannxi (purity = 98.02 %) (Wanga et al., 2018). The group with 0.00% gossypol and 0.00% NaB was used as the control group (FM). The control group was supplemented with 0.03% gossypol as the low-level gossypol group (gL); 0.15 % gossypol as the high-level gossypol group (gH); and 0.15 % gossypol and 0.13 % NaB as the repair group (gHNaB). Four groups of isonitrogenous (48 %) and isolipidic (10 %) experimental diets were prepared. Red FM, casein, and gelatin were used as the main protein sources; fish oil and soy lecithin were used as the main lipid sources, and wheat flour was used as the carbohydrate source. After passing all the solid raw materials through a 0.25-mm sieve, all the raw materials were weighed according to the percentage in Table 1 and mixed, and 30% of the mixture weight of water was added and mixed again. The final mixture was made into strips (2.0 mm diameter), naturally air-dried for 48 h, and then placed in a refrigerator at −20°C.


Table 1. Formulations and proximate composition of the experimental diets.
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Feeding Trial

Hybrid grouper with an initial weight of 10.70 ± 0.09 g were purchased from a grouper hatchery in Zhanjiang, China. They were domesticated for 10 days in an outdoor concrete pond at the biological research base of Donghai Island, Guangdong Ocean University, China, using commercial feed to adapt to the base environment. A total of 480 hybrid grouper in healthy body condition and uniform size were randomly selected and divided into four treatment groups, each including four replicates with 30 fish per replicate. The culture experiments were conducted in 12 0.3-m3 fiberglass tanks for 8 weeks. Apparent satiation feeding was performed daily at 7:30 and 16:30 and adjusted according to feeding conditions. Water temperature was 30.00±1.59°C, salinity was maintained at 35.48±1.24 g/kg, dissolved oxygen was kept above 7 mg/L, pH was maintained at 7.8–8.1, and ammonia nitrogen was kept below 0.03 mg/L during the breeding period.



Sample Collection

At the end of the feeding experiment, all fish were starved for 24 h. First, the fish in each tank were counted and weighed, and the data obtained were used to calculate the WG, SGR, and survival (SR) and combined with the weight of feed consumed to calculate the feed coefficient ratio (FCR) (Yin et al., 2021a). For the intestine, part of the intestine near the cloacal pore, accounting for one-third of the total intestine of two randomly selected fish from each replicate, was stored in 4% formalin solution and used as paraffin-embedded TUNEL-stained sections; the distal intestine from four randomly selected fish from each replicate was stored at −80°C and used for damage indicator determination, and the distal intestine from two randomly selected fish from each replicate was stored at −80°C and used as PCR samples.



Distal Intestinal TUNEL Staining Observation

The slices were placed in xylene I for 10 min; xylene II for 10 min; xylene II for 10 min; anhydrous ethanol I for 5 min; anhydrous ethanol II for 5 min; anhydrous ethanol III for 5 min; and distilled water wash. An immunohistochemistry pen was used to draw circles around the tissues, and proteinase K working solution (stock solution: PBS = 1:9) was added dropwise inside the circles and incubated for 22 min at 37°C. The samples were washed three times for 5 min each with PBS (pH 7.4). Next, 0.1 % Triton (stock solution: PBS = 1:1,000) was added to the circles, incubated for 20 min at room temperature, and again washed three times with PBS for 5 min each time. After shaking the sections dry, equilibration buffer was added dropwise to the circles and incubated for 10 min at room temperature. The mixture [V(TDT enzyme): V(Dutp): V(equilibration buffer) = 1:5:50] was added to the circles and incubated for 2 h at 37°C. The incubation was kept moist during the incubation. After washing three times with PBS for 5 min each time, DAPI staining solution was added to the circles and incubated for 10 min at room temperature away from light. The sections were washed again using PBS three times for 5 mins each, shaken dry, and sealed with anti-fade mounting medium. Finally, images were observed and acquired under an ortho-fluorescence microscope (Nikon Eclipse C1) with a camera (Nikon Eclipse Ci-L), and a 20× object lens (CFI, Plan Fluor, N.A. 0.17, W. D. 2.1 mm).



Distal Intestinal Damage Indicators Determination

Nitric oxide (NO) (#A012-0-2) and total nitric oxide synthase (NOS) (#A014-2) were determined according to the instructions of the kits from Nanjing Jiancheng Institute of Biological Engineering. For NO, a standard curve was constructed using sodium nitrite. Equal volumes of double-distilled water, sodium nitrite standard solution, and intestinal supernatant samples were added to the blank, standard, and assay wells, respectively. The color developer agent was added to all wells and left for 15 min, and the OD was measured at 550 nm. For total NOS, equal volumes of double-distilled water and samples were added to the blank and assay wells, respectively. Then, the substrate buffer, accelerator, and color agent were added sequentially to all wells. A water bath at 37°C for 15 min was performed, followed by the addition of the wash solution and termination solution. After zeroing with double-distilled water, the OD value of each sample was determined using a UV-Vis spectrophotometer (UV-2450, Shimadzu, Japan) at 530 nm using a 1-cm optical diameter cuvette.



Real-Time Quantitative PCR Analysis

After the extraction of total RNA from the distal intestine using the traditional Trizol (TRI reagent solution, Invitrogen, Carlsbad, CA, United States), the quality and quantity of the total RNA were evaluated by 1% agarose gel electrophoresis with an electrophoresis instrument and A260: 280 values with a NanoDrop 2000 spectrophotometer (Thermo Fisher, United States), respectively. Total RNA was reverse-transcribed to cDNA using PrimeScriptTM RT-PCR Kit (Takara, Kusatsu, Japan) according to the manufacturer's instructions. Real-time quantitative PCR was performed using SYBR GreenPro Taq HS qPCR Kit II (Accurate Biology, China) on an Applied Biosystems 7500 Real-Time PCR System. The full-length transcriptome sequence of the distal intestine of hybrid grouper (Zhang et al., 2021) was the basis for designing the primers (Table 2) used in this experiment (accession nos.: PRJNA664623 and PRJNA664416). β-Actin was used as a housekeeping gene, and all the CT values were analyzed using the 2 −ΔΔCT method according to Livak and Schmittgen (2001).


Table 2. Primers used in this experiment for quantitative RT-PCR.
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Statistical Analysis

To statistically analyze the data from this experiment, SPSS Statistics (v.22, SPSS Inc., Chicago, IL, United States) was used. After all the data were examined by joint hypotheses test to ensure that equal deviation standards were obtained, they were subjected to one-way ANOVA followed by Tukey's multiple range tests to determine significant differences among treatment groups using SPSS v. 22 (IBM, United States) at a significance level of P < 0.05. The results are presented as mean ± standard error (SEM).




RESULTS


Growth Performance

The growth performance and feed utilization of the hybrid grouper are listed in Table 3. Compared with FM, WG and SGR were significantly higher in the gL and significantly lower in the gH treatments. NaB supplementation did not significantly increase WG and SGR, and WG and SGR in gHNaB were not significantly different from those in gH. The FCR was significantly decreased in the gL and significantly increased in the gH compared with the FM, and no significant difference was found between gH and gHNaB. For SR, there was no significant difference in SR among the four groups.


Table 3. Growth parameters and feed utilization of juvenile hybrid grouper fed the experimental diets for 8 weeks.
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Distal Intestinal Damage Indicator

To investigate the effects of different levels of gossypol and supplementation of NaB under high-level gossypol conditions on the distal intestinal damage conditions, the NO level and total NOS activity were determined (Figure 1). Compared with FM, the addition of low-level gossypol had no significant effect on NO content or total NOS activity. The addition of high-level gossypol significantly increased NO content and total NOS activity. Compared with gH, the NO content and total NOS activity in gHNaB were significantly lower.


[image: Figure 1]
FIGURE 1. Effects of different treatments on the NO (A) content and total NOS (B) activity in the distal intestine of hybrid grouper. Values were means of eight replicates (n = 8), and were represented as mean ± standard error. a,b,c Mean values with unlike letters were significantly different (P < 0.05).




Distal Intestinal Immune- and Tight Junction-Associated Gene Expression

To investigate the effects of different levels of gossypol and supplementation of NaB under high-level gossypol condition on the distal intestinal inflammation and tight junction, the mRNA levels of tnfα, il1β, tgfβ1, hepcidin, il6, il8, ifnγ, jam, occludin, claudin3, claudin12, claudin15, and zo1 in the distal intestine of hybrid grouper were determined (Figure 2). Compared with the FM, the addition of low-level gossypol significantly downregulated the mRNA levels of il8 and ifnγ and significantly upregulated the mRNA levels of tgfβ1, jam, occludin, claudin3, and zo1. The addition of high-level gossypol significantly upregulated the mRNA levels of tnfα, il1β, il6, il8, and ifnγ and significantly downregulated the mRNA levels of tgfβ1, jam, and zo1. Compared with gH, the mRNA levels of tnfα, il1β, il8, and ifnγ were significantly downregulated, and jam, occludin, and zo1 were significantly upregulated in gHNaB. There was no significant difference in the mRNA levels of claudin12 or claudin15 among the four groups.
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FIGURE 2. Effects of different treatments on the mRNA levels of immune-related genes (A), including tnfα, il1β, tgfβ1, hepcidin, il6, il8 and ifnγ, and tight junction-related genes (B), including jam, occludin, claudin3, claudin12, claudin15 and zo1 in the distal intestine of hybrid grouper. Values were means of eight replicates (n = 8), and were represented as mean ± standard error. a,b,c,d Mean values with unlike letters were significantly different (P < 0.05).




Distal Intestinal TUNEL Staining and Apoptosis-Associated Gene Expression

To investigate the effects of different levels of gossypol and supplementation of NaB under high-level gossypol condition on distal intestinal apoptosis, the TUNEL staining (Figure 3A) and mRNA levels of caspase2, caspase3, caspase6, caspase7, caspase8, caspase9, pi3k p85, 3pdk1, akt, foxo4, and fasl in the distal intestine of hybrid grouper were determined (Figure 3B). TUNEL staining showed no apoptotic cells in any of the four groups. Compared with FM, the addition of low-level gossypol significantly downregulated the mRNA levels of akt. The addition of high-level gossypol significantly upregulated the mRNA levels of caspase2, caspase3, caspase9, pi3k p85, and akt and significantly downregulated the mRNA levels of foxo4. Compared with gH, NaB supplementation significantly downregulated the mRNA levels of pi3k p85, 3pdk1, and akt. There were no significant differences among the four groups in the mRNA levels of caspase6, caspase7, caspase8, and fasl.
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FIGURE 3. Effects of different treatments on the TUNEL staining (A) and mRNA levels of apoptosis-related genes (B), including caspase2, caspase3, caspase6, caspase7, caspase8, caspase9, pi3k p85, 3pdk1, akt, foxo4, and fasl in the distal intestine of hybrid grouper. Values were means of eight replicates (n = 8) and were represented as Mean ± standard error. a,b,c Mean values with unlike letters were significantly different (P < 0.05).





DISCUSSION

Cottonseed meal is a by-product of cottonseed oil extraction and has a high crude protein content and a rich variety of amino acids, which can effectively alleviate the shortage of protein feed resources in China (Mbahinzireki et al., 2015). However, cottonseed meal contains gossypol, which is toxic to aquatic animals at high levels, which greatly limits the utilization of cottonseed meal in aquatic feed. Therefore, in the present study, the effects of gossypol on hybrid grouper and the protective effect of NaB were investigated by exploring low- and high-level gossypol while supplementing NaB in the background of high-level gossypol.

The present study indicated that the addition of low-level gossypol to the feed significantly increased WG and SGR of hybrid grouper, similar to the experimental results for Nile tilapia (Oreochromis niloticus) (Lim et al., 2003). However, when high levels of gossypol were added, hybrid grouper showed the exact opposite growth performance to Nile tilapia. The reason for this difference may be related to fish species, as Nile tilapia may have a higher tolerance to gossypol than hybrid grouper. Different levels of tolerance to gossypol have been reported between fish species: The addition of gossypol at or above 1,175 mg/kg to the feed significantly reduced the SGR of grass carp (Wanga et al., 2018), while a study on channel catfish found that the addition of 1,500 mg/kg gossypol significantly reduced WG and feed utilization, similar to the results of the present experiment. Interestingly, the addition of gossypol had no significant effect on SR in either grass carp, channel catfish, or hybrid grouper, suggesting that gossypol might not directly affect fish mortality. To alleviate the negative effects on the growth of hybrid grouper caused by high-level gossypol, we added an appropriate dose of NaB under conditions of high-level gossypol addition. Unfortunately, NaB supplementation could not alleviate the negative effect of gossypol (Table 3).

The fish intestine is the main site where fish store food, digest, and absorb nutrients (Gu et al., 2013; Sun et al., 2021). Oxidative damage can destroy intestinal structural integrity (Wang et al., 2016). Maintaining normal antioxidant capacity is essential for maintaining normal intestinal cell function (Chen et al., 2018). Multiple organs in animals can be profoundly affected by the feed. To further verify whether this effect exists in the intestine, we determined the NO and total NOS in the distal intestine. NOS is a key enzyme in the process of NO synthesis, which is abundantly expressed in various inflammatory diseases, and it can promote inflammation and act as an inflammatory mediator (Al-Harbi et al., 2019). The results indicated that high-level gossypol may modulate the inflammatory process through total NOS. NaB supplementation reduced total NOS to the control level, which could be a side effect of the repairing effect of NaB on intestinal inflammation in hybrid grouper, which may be related to total NOS.

Nitric oxide reacts with superoxide anions to generate peroxynitrite anions, which are strong oxidants that cause damage to intestinal epithelial cells. We found that high-level gossypol significantly increased the distal intestinal NO content, suggesting that high-level gossypol induced intestinal damage and disrupted distal intestinal barrier function. NaB supplementation may alleviate this injury by reducing NO levels, which may be related to the fact that NaB can reduce NO production by inhibiting the NF-κB pathway (Liu et al., 2012). Since there are few studies on NOS and NO in aquatic animals, the modulation of NOS and NO in the distal intestine of hybrid grouper by gossypol and NaB still needs further investigation.

Fish intestinal health is closely related to intestinal structural integrity and immune barrier function, and harmful or toxic substances in feed would usually disrupt the intestinal structural integrity and the immune barrier. Fish intestinal inflammatory cytokines are closely related to intestinal health, and inflammatory cytokines play different roles in intestinal inflammation (Tian et al., 2017). Inflammatory factors are usually classified into two types: proinflammatory factors, such as tnfα, il1β, il8, and ifnγ (Li et al., 2018b; Carriero et al., 2020), whose upregulation further exacerbates inflammation, and anti-inflammatory factors, such as tgfβ1 and hepcidin (Li et al., 2017; Yan et al., 2019), whose upregulation enhances the intestinal anti-inflammatory capacity. In addition, hepcidin and il6, which often show high expression in intestinal inflammation, have different roles from proinflammatory factors in the progression of intestinal inflammation, and their upregulation is usually associated with a protective effect on the intestinal response to inflammation (Kuhn et al., 2018). Cotton seed meal can cause intestinal inflammation by upregulating the transcription of pro-inflammatory factors and downregulating anti-inflammatory factors (Liu et al., 2020). CPC substitution for FM upregulated intestinal tnfα and il1β expression in hybrid grouper (Yin et al., 2018) and downregulated TGF-β3 and IL-10 transcription in silver sillago (Sillago sihama Forsskál, 1775) (Liu et al., 2020). Studies in grass carp showed that excess gossypol upregulated the mRNA expression of tnfα, ifnγ2, il1β, and il6 in the intestines of grass carp (Wang et al., 2019). Few studies have examined the effects of low levels of gossypol on intestinal immunity in aquatic animals, and we speculate that the promotion of growth of hybrid grouper by low-level gossypol may be closely related to the upregulation of the anti-inflammatory factor tgfβ1 and the downregulation of the expression of the inflammatory factors il8 and ifnγ. Supplementation with high-level gossypol significantly reduced the immunity of the distal intestine of hybrid groupers and induced the development of intestinal inflammation; similar results were also found in grass carp (Wang et al., 2019). After further supplementation with NaB, we found that proinflammatory factors showed an overall downward trend, such as tnfα, il1β, il8, and ifnγ, while tgfβ1 was upregulated, suggesting that the supplementation of NaB in the feed could improve the distal intestinal anti-inflammatory capacity of hybrid grouper. Supplementation of 0.2 % NaB in the diet of turbot (Scophthalmus maximus L.) (Liu et al., 2019) can alleviate intestinal inflammation by decreasing the expression of tnfα, in line with the results of this experiment. However, after NaB supplementation, hybrid grouper still needed to express high-level il6, indicating that a certain degree of inflammation might still exist in the intestine, which also indicates that the repair of the intestine by NaB was incomplete.

In fish, intestinal health depends in part on intestinal barrier function, which is closely related to the structural integrity and tight junctions of the intestine (Al-Sadi and Ma, 2007; Al-Sadi et al., 2008; Yin et al., 2021b). Nutrient absorption interacts closely with the intestine to maintain the normal structure and nutrient absorption function of the intestine. Tight junction proteins, such as jam, claudins, occludin, and zonula occludens 1 (zo1), are the major membrane proteins of tight junctions that control the decellularization gap between epithelial cells, thus preventing the decellularization of intestinal bacteria and other antigens from spreading between epithelial cells (Zhao et al., 2014). Jam is a single transmembrane protein between epithelial cells and a protein that appears early in the formation of cell junctions and recruits other tight junctions (Hamazaki et al., 2002). The main function of occludin is to regulate tight junctions (Mclaughlin et al., 2004). claudin3 is involved in the formation of tight junction barriers and reduced expression of claudin3 results in reduced cell barrier function (Blasig et al., 2011). In this experiment, low-level gossypol promoted growth by upregulating the expression of jam, occludin, claudin3, and zo1 and improving the tight junctions of the distal intestine and the efficiency of nutrient absorption. In contrast, the expressions of jam, occludin, claudin3, and zo1 indicated that high-level gossypol disrupted the distal intestinal tight junctions of hybrid grouper. The expression of zo1, occludin, and claudin3c in the proximal, middle, and distal intestines of mid-growth grass carp was negatively affected by gossypol when the level of gossypol in the feed reached 243.94 mg/kg or higher (Wang, 2019), which was consistent with the results of the present study. The expression of jam, occludin, and zo1 was upregulated after supplementation with NaB, while the expression of claudin3 was not significantly changed, indicating that NaB was incomplete for the repair of tight junctions in the distal intestine of hybrid grouper, but still had a certain enhancement effect on tight junctions. Combined with the growth performance, we speculate that this incomplete repair effect may not be reflected in the growth performance, and therefore, the growth performance of the NaB group was not significantly improved. Gossypol was found to be the main cause of apoptosis induction in organ cells.

Gossypol can exacerbate apoptosis in grass carp intestinal epithelial cells by inducing DNA fragmentation (Wang, 2019) and induces apoptosis by interacting with mitochondrial caspases (Oliver et al., 2005). However, there are exceptions; as observed by TUNEL staining, the addition of 680 mg/kg gossypol to the feed did not cause apoptosis in carp hepatocytes (Zhang, 2019). There are no reports to date on the effect of gossypol on apoptosis in the intestinal tract of hybrid groupers. Therefore, we further verified the genes related to apoptosis in the distal intestine of hybrid groupers at the transcriptional level and observed apoptosis by TUNEL staining. The expression of genes associated with apoptosis revealed that low-level gossypol did not significantly affect apoptosis-related genes (Figure 4A). Apoptosis is regulated by multiple factors. The promoters of caspase2, caspase8, and caspase9, when tightly bound to pro-apoptotic signals, activate the downstream effectors caspase3, caspase6, and caspase7 to perform apoptotic functions (Degterev and Yuan, 2008; Fuchs and Steller, 2011; Kaufmann et al., 2012). pi3k/akt can regulate apoptosis not only directly through the promoters, but also by direct interaction with foxo4 and fasl, which promote or inhibit the onset of apoptosis (Kim et al., 2012; Li et al., 2018a; Zhang et al., 2020). There are several ways to regulate apoptosis, and inhibition of the pi3k/akt pathway can promote apoptosis to some extent (Zheng et al., 2012). Combined with the results of this experiment, apoptotic signals were transduced normally from pi3k/akt to promoters and effectors at high-level gossypol, yet high expression of pi3k/akt inhibited the expression of foxo4, blocking the transduction of apoptotic signals and inhibiting apoptosis (Figure 4B). Activated pi3k/akt could inhibit apoptosis mediated by FOXO transcription factors, and similarly, blocking pi3k/akt signaling can also activate FOXO-mediated apoptosis (Qi et al., 2020). This may suggest that this process may also be present in the intestine of hybrid grouper, but due to the inhibition of apoptosis by high expression of pi3k/akt via foxo4. Therefore, we speculate that no significant apoptosis occurred in the intestine of the hybrid grouper. When we supplemented with NaB, the expression of pi3k p85 and akt was downregulated, but the expression of promoter caspase2, caspase8, and caspase9, and effector caspase3, caspase6, and caspase7 were not significantly changed (Figure 4C). This incomplete transduction process may imply that the regulation of apoptosis by pi3k/akt through the promoter is blocked, and the exact reason needs to be further explored.


[image: Figure 4]
FIGURE 4. Potential signal transduction in the distal intestine of hybrid grouper. Casp: caspase. → , through; ⊗ → , not through; red arrow, upregulation; blue arrow, downregulation. (A) group gL; (B) group gH; (C) group gHNaB.


To visually verify the results regarding apoptosis at the transcriptional level, we further observed distal intestinal TUNEL staining of the hybrid grouper. From the TUNEL staining, it is interesting to note that we did not observe any apoptosis in any of the groups, suggesting that low- and high-level gossypol is not the cause of apoptosis in the intestine of the hybrid grouper. Few studies have reported the effects of gossypol on apoptosis in intestinal cells. However, studies in the macrophage cell line RAW264.7 cells found that gossypol induced the onset of apoptosis through a caspase-dependent mitochondrial signaling pathway (Deng et al., 2013). This difference in results may be due to species differences or may be caused by the different response mechanisms of different cells to gossypol.



CONCLUSION

In this study, appropriate low-level gossypol improved growth performance, distal intestinal anti-inflammatory capacity, and tight junctions, while high-level gossypol decreased the above indicators. NaB supplementation under exposure to high-level gossypol partially improved intestinal anti-inflammatory capacity and tight junctions; however, the positive effects of NaB could not be reflected in growth performance in hybrid grouper.
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Ingredients/% ™M oL oH gHNaB
Red fishmeal 40.00 40.00 40.00 40.00
Casein 11.54 11.54 11.64 11.64
Gelatin 289 289 171 171

Wheat flour 20.00 20,00 20.00 20.00
Fish oil 472 472 472 472

Soy lecithin 200 200 200 2,00

Calcium monophosphate 1.00 1.00 1.00 1.00

*Vitamin premix 020 020 020 020

®Mineral premix 050 050 050 050

Antioxidants 005 005 005 005

Choline chloride 050 050 050 050

Gossypol 0 003 0.15 0.15

Vitarmin G 005 005 005 005

Cellulose microcrystalline 16.56 16.52 16.40 16.07
Microencapsulated sodium butyrate (NaB) 0 0 0 0.13
Proximate composition (% air dry matter)

“Crude protein 47.56 4725 47.36 48,09
“Crude lipid 10.55 997 1044 1053
Moisture 908 9.21 9.00 9.7

2Vitamin premix (g/kg mixture): vitamin B1, 17.00g; vitamin B2, 16.67; vitamin B6, 33.33g; vitamin B12, 0.07g; vitamin K, 3.83g; vitamin E, 66.00g; reinyl acetete, 6.67g; VD,
33.33g, nicotiic acid, 67.33g; D-calcium pantothenate, 40.67g; biotin, 16.67; folic acid, 4.17g; inositol, 102.04g; celllose, 592.72g. Allingredients were diluted with com starch to
1.00 kg.

OMineral premix (g/kg mixture): CaCOs, 350.009; NaH,PO4-H,0, 200.00g; KHoPOs, 200.00g; NaCl, 12.00g; MgSO4-7H;0, 10.00g; FeS04-7H;0, 2.00g; MnSO4-7H,0, 2.00g;
AlCi5-6H20, 1.00g; CuCly-2H0, 1.00g; KF, 1.00g; NaMoOs-2H;0, 0.50; NaSeOs, 0.40g; CoClp 60, 0.10g; Ki, 0.10g; zeolite powder, 219.90g. Allingredients were diluted with
com starch to 1.00kg (obteined from Zhanjiang Yuehua Feed Co. Ltd., Zhanjiang, Chine).

Crude protein, crude lipid, and moisture contents were measured value.
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F: CACGACAACGATGGCTCACCTC

R: GCATTTCTGAAGGCGGCAATCTTG

F: CTGTCACTGTCTATAAGCTACGCTC
R: TCTTAACACTTTGCACATGAAGTGGA
F: AAGCAAGGTCAACATGGCGGA

R: GCGCTGCATGTGAAGTGTGATAG

F: AGGGATCGCTGTGGCAACG

R: CAGCCCGTCATACACGCTG

F: ACTTCAGGACCAGGTCAAAGTTAGG
R: CGATCCAGATTCAGCCAGAGCT

F: TGGAGCTGCGCTTACCTCAC

R: GGTCAATGAGCACAGACACACAGT
F: AACTGTGTGTCCCCACTGCC
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F: AGAATCACTGAAGCCGCAGAAGC

R: ATCATCATTGCCGTGACTCAGGAAG
F: CATAACGGACACATACGGACACTCTG
R: CTTCTTCTTCTTCCTCTGGCGTAAGC
F: TCCTCCTCCCTTCTTGATCCAACTG
R: AGCCTTCGCATCCTCCTGAGTC

F: TTTGGGTGTAAGTGTCATCTGGGAAAG
R: ACGCTATGCTGATTGTCTGCTCTTG
F: GCCGAGGAGGAAGAGGATGTAGAC
R: GAGGAGATGGTGGAGAAGGTGGAG
F: GGCAGCCATTACTGGAGCTTCTC

R: TGCGAGCAGGAACAGATGACAAC

F: GGCAGGATGTGGTACAGAAGAAGC
R: TGTCTGGAGGAGTGAGTGTGATGG
F: GGGAGATACAAGGGAAGCAGTAACAC
R: GCGGTGGTCAGCTTGATGTCTC

F: CCTTCATCAAGAGCTGGCTGACTATC
ACCTTCTCCTCCTTGTCTGACTCAC

F: TACGAGCTGCCTGACGGACA

R: GGCTGTGATCTCCTTCTGC
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IBW (g) 10.70 £0.08 10.66 + 0.09 1068 +0.10 10.77 £0.08
FBW (kg) 212£0.07% 2.39 £ 0.06* 161 £0.09° 1.53 + 0.082°
WG (%) 576.97 + 13.32° 649.40 £ 17.33° 452.84 + 20.38% 416.97 £ 12.97*
SGR (%/day) 2.73 £0.08° 2.88 £ 0.03° 2.44 £0.05* 2.35£0.04%
SR (%) 95.83 + 1.60 97.50 £ 0.83 89.17 + 1.59 90.84 +5.84
FCR 0.97 +0.08° 0.76 + 0.03% 1.63 £ 0.10° 1.66 + 0.02°

Value show means = SE (n = 4); Significance was evaluated by one-way ANOVA followed by Tukey's multiple range tests. FIM, control dlet; gL, containing 0.03% gossypol diet, gH,
containing 0.15% gossypol diet, GHNaB, containing 0.15% gossypol and 0.13% NaB diet. IBW, initial body weight; FBW, final body weight; WG, weight gain; SGR, specific growth rate;
SR, survival: FCR, feed coefficient ratio. 80¢ Mean values among all treatments with different letters were significantly different when the interaction was significant (P < 0.05).
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