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This study was conducted to investigate the dynamic characterization of enteritis of juvenile turbot (Scophthalmus maximus L.) during the development of enteritis induced by dietary β-conglycinin (7S) and the recovery by fish meal (FM). Two isonitrogenous and isolipidic experimental diets were formulated, FM diet and FM supplemented with 8% 7S diet. The feeding trial consists of three groups, turbot fed FM and 7S diet for 10 weeks, respectively, and turbot fed 7S diet for 3 weeks and then fed FM diet for another 7 weeks (7S&FM). The distal intestines and serum of turbot in the 7S&FM group were sampled at the zeroth day, third day, first week, second week, third week, sixth week, and tenth week. At the end of the feeding trial, the growth performance and feed utilization of turbot in the FM and 7S&FM group were significantly higher than that of turbot in the 7S group. According to the observation of intestinal histology, the typical symptoms of enteritis were observed at the third week and then mitigated by FM gradually until the tenth week. The activities of diamine oxidase (DAO) and content of D-lactate in serum showed a similar trend in 10 weeks. The gene expression of pro-inflammatory cytokines IL-1β, IL-8, IL-22, and IFN-γ was significantly increased by 7S in the first 3 weeks and then significantly decreased by FM since the sixth week, as well as the expression of NF-κB p65. The opposite trend of gene expression was observed in anti-inflammatory cytokine TGF-β. The gene expression of tight junction proteins claudin-3, claudin-4, claudin-like, occludin, and ZO-1 was significantly decreased during the first 3 weeks and then the gene expression of claudin-4 and occludin was significantly increased by dietary FM since the sixth week. Meanwhile, the gene expression of myosin light chain kinase (MLCK) increased significantly during the first 3 weeks and then significantly declined at the tenth week. Collectively, dietary 8% 7S could induce the serious enteritis of turbot in 3 weeks and the mitigation progress could be observed when turbot are fed with FM diet. The intestinal inflammatory cytokines and tight junction proteins showed different responses during the development and recovery of enteritis.
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INTRODUCTION

The intestine of animals is not only the organ for digestion and absorption of nutrients but also an important place to defend against foreign invaders. The intestinal mucosal barriers, mainly including the immune barrier and physical barrier, are the most important defensive barriers of gut health in animals (Oshima and Miwa, 2016). The intestinal immune barrier is of vital importance in response to enteritis, which consists of a variety of cytokines. Cytokines are key mediators of cellular interactions in the intestine in both physiology and pathophysiology and could be mainly divided into pro-inflammatory cytokines and anti-inflammatory cytokines (Friedrich et al., 2019). During enteritis, the activation of intestinal immune cell may proceed unchecked and lots of cytokines may be released to promote a persistent enteritis (Quintans et al., 2019). The intestinal physical barrier is mainly composed of intestinal epithelial cells and tight junction. Tight junction forms a complex protein structure maintained by transmembrane proteins (e.g., claudins and occludin) and cytoplasmic proteins (e.g., ZO-1) between adjacent epithelial cells (Balda and Karl, 2008). The decreased gene expression of tight junction proteins usually represents the weakened intestinal physical barrier function, which facilitates more pathogen invasion in intestine (Takiishi et al., 2017). The secretion of inflammatory cytokines and the reassembly of tight junction structure are thought to be important in the initiation and/or development of enteritis (Hee, 2015). Evidences in grass carp (Ctenopharyngodon idella) (Luo et al., 2014; Chen K. et al., 2018; Wu et al., 2018), Jian carp (Cyprinus carpio) (Jiang et al., 2015), and turbot (Scophthalmus maximus) (Chen Z. et al., 2018; Liu et al., 2018) have shown that the up-regulated gene expression of pro-inflammatory cytokines occurs along with the down-regulated gene expression of tight junction proteins in enteritis. However, the nature of inflammatory cytokines and tight junction dynamics during enteritis remains poorly understood.

During rapid growth of aquaculture, soybean meal has been widely used in fish feed due to the limited supply and high price of fish meal. However, application of soybean meal in feeds for marine fish generally induced enteritis (Li et al., 2017; Chen Z. et al., 2018; Liu et al., 2018). 7S is known to be a main allergenic protein in soybean that favors the development of mammal enteritis (Lamia and Boye, 2007; Krishnan et al., 2009). In mice and piglets, the supplementation of 7S in diet inhibited the growth performance and impaired the histological structure and mucosal barrier of intestine (Guo et al., 2007; Liu et al., 2008; Hao et al., 2009; Xu et al., 2010; Sun et al., 2013; Zhao et al., 2014). However, very few studies are available regarding the effects of 7S on intestinal health of fish despite the widely reported studies with mammals. In fish, it has been reported that soy preparations with high levels of 7S in diet caused inferior growth performance in rainbow trout (Oncorhynchus mykiss) (Rumsey et al., 1994). Zhang et al. (2013) reported that 8% dietary 7S (purity, 80%) induced intestinal oxidation lesions and dysfunction of intestinal digestion and absorption of Jian carp and finally suppressed fish growth performance. Li et al. (2017) reported that turbot fed a diet contained 8% 7S (purity, ∼78%) showed obvious intestinal mucosal lesions and inferior feed utilization. However, the studies on the effect of dietary 7S on intestinal health usually followed a long period of feeding trial. The action mechanism of 7S on intestinal tract during the development of enteritis is urgently in need of clearer survey.

Turbot has been farmed as a valuable marine fish worldwide. The present study was aimed to further elucidate the dynamics of intestinal inflammatory cytokines and tight junction proteins during the development and recovery of enteritis of turbot induced by dietary 7S. The current results are beneficial to find targets in mitigation of 7S-induced enteritis of fish.



MATERIALS AND METHODS


Ethical Clarification

All sampling protocols, as well as fish-rearing practices, were reviewed and approved by the Animal Care and Use Committee of Ocean University of China.



Experimental Diets

Purified 7S was offered by Prof. Shuntang Guo at China Agricultural University (the purified protein was made by fractional salting-out method with sodium and potassium salts of different pH, Patent No. 200410029589.4, China). The crude protein content of 7S was 96.0% (determined by the Kjeldahl method) and the protein profile of 7S fraction was revealed by the SDS-PAGE analysis (Figure 1). Quantitative analysis of the gel image was performed using Quantity One (Bio-Rad, Hercules, CA, United States), which shows that the purity of 7S fraction is 81.3% 7S, the rest being 5.8% glycinin and 12.9% non-allergenic proteins. The immunologically active 7S in the diet was determined by a commercial kit (National Feed Engineering Technology Research Center, Beijing, China) and it was 5.91%.
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FIGURE 1. The SDS-PAGE profile of purified β-conglycinin fraction. Lane 1: protein marker; Lane 2: β-conglycinin fraction. α′, α, and β are subunits of β-conglycinin, and Ax and Bx are acidic and basic subunits of glycinin (see Supplementary Figure S2 for the original blots).


The results of our previous research in turbot (Li et al., 2017) showed that diet with 4–8% 7S (purity, ∼78%) can cause the typical enteritis of turbot after a 12-week feeding trial. In addition, another study in turbot showed that diet with 6% 7S (purity, ∼75.87%) could damage the intestinal histology after a 4-week feeding trial (Gu et al., 2016). Also, enteritis was observed after a 12-week feeding trial in turbot fed diet with 37.9% soybean meal (about 6% 7S) (Chen Z. et al., 2018; Liu et al., 2018). Based on these researches in turbot and the purpose of our study, a level of 8% 7S (purity, 81.3%) in diet was chosen to ensure that the 7S-induced enteritis can occur in turbot in a short time.

Two isonitrogenous and isolipidic diets were formulated to contain 52% crude protein and 11% crude lipid (Table 1). The basal diet used fish meal, casein and gelatin as the main protein sources (FM). 7S was included into the basal diet to replace 8% casein and gelatin (7S). Crystalline amino acids were supplemented to obtain the same essential amino acid profile across all the diets. Dietary ingredients were ground into fine powder through 320-μm mesh. All ingredients were thoroughly mixed with fish oil, and then water was added to produce stiff dough. The dough was then pelleted with an experimental single-screw feed mill. After being pelleted, the feeds were dried in a ventilated oven at 45°C for about 12 h and then stored in a freezer at −20°C.


TABLE 1. Formulation and proximate composition of the experimental diets (% dry matter).
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Fish, Experimental Procedure, and Conditions

Disease-free and healthy juvenile turbots were obtained from a commercial fish farm in Penglai, Shandong Province, China. They were fed FM diet for 2 weeks to acclimate to the experimental conditions before the start of feeding trial. Then, turbots with similar sizes (initial mean weight, 8.29 ± 0.13 g) were randomly distributed to 12 fiberglass tanks (300 L) with 40 per tank; fish in three tanks were fed FM and 7S diet, respectively, and fish in six tanks were fed 7S diet for the first 3 weeks and FM diet for another 7 weeks (7S&FM). They were carefully hand-fed until apparent satiation twice daily (08:00 and 17:00). Uneaten feed was collected from the tank outlets and dried for the calculation of FI. Each aquarium was supplied with free-flowing water. Seawater was pumped from the adjacent coast to the experiment base; passed through sand filters, froth separator, and biofilter in turn; and finally flowed into each tank at a rate of 2 L min–1. The system water was exchanged at 50% each day with new water. Continuous aeration was supplied with a single air-stone connected to a central air blower. During the feeding trial, the water temperature ranged from 15 to 17°C; salinity was about 35‰; dissolved oxygen was higher than 6 mg L–1.



Sample Collection

According to the relevant references and our previous study on soybean-induced enteritis of fish, 3 weeks of the development of enteritis and 3 weeks of the recovery of enteritis can be seen clearly when 33% soybean meal was added in the diet of Atlantic salmon (Baeverfjord and Krogdahl, 1996). There is also a similar research investigating the histological evaluation of the distal intestine at the first day, second day, third day, fifth day, and seventh day when 20% soybean meal was used in the diet of Atlantic salmon, and the first signs of enteritis were revealed at the fifth day (Sahlmann et al., 2013). In turbot, Liu et al. (2018) found that the expression of intestinal tight junction proteins was suppressed by soybean meal since the second week. Indeed, we sampled the intestines of turbot fed diet with 7S at the zeroth day, first day, third day, fifth day, first week, second week, third week, sixth week, eighth week, and 10th week. Then, the representative time points, according to the results in the present study, including the zeroth day, first day, third day, first week, second week, third week, sixth week, and 10th week, were used in this manuscript to give a clearer change.

The serum and distal intestines were taken at the zeroth day, third day, first week, second week, third week, sixth week, and 10th week after anesthetizing with eugenol (1:10,000) (purity 99%, Shanghai Reagent Corp., Shanghai, China) from three of six tanks fed 7S&FM. At the termination of the experiment, fish were fasted for 24 h before harvest. Total number and body weight of turbot in the FM group (three tanks), the 7S group (three tanks), and the other three tanks in the 7S&FM group were counted and measured. Six distal intestinal tissue samples from six fish were taken and fixed at neutral formalin solution (10%) for histological evaluation and another nine distal intestinal tissue samples from nine fish were taken and frozen in liquid nitrogen immediately and stored at −80°C for gene expression analysis. All distal intestinal tissue samples were dissected from the middle part of distal intestines (about 1 cm in length). Blood was withdrawn using a syringe from the caudal vein of fish and stored at 4°C until it clotted. Serum was collected after centrifugation (4000 g, 10 min, 4°C) and stored at −80°C as separate aliquots until analysis.



Intestinal Histology

Distal intestine was fixed routinely in the neutral formalin solution (10%) for 24 h and then transferred to 70% ethanol for better long-term preservation. According to standard histology procedures, distal intestine tissues were dehydrated in ethanol, equilibrated in xylene, and embedded in paraffin wax. Tissue sections with approximate thickness of 5 μm were cut and stained with H&E. In addition, the slides were examined under a light microscope (DP72; Olympus, Tokyo, Japan) equipped with a camera (E 600, Nikon, Tokyo, Japan) and an image acquisition software (CellSens Standard, Olympus, Tokyo, Japan) for the presence of degenerative changes of epithelial cells. Intestinal histology was evaluated mainly according to the following criteria: (1) the widening of the central LP within the intestinal folds, with increased amounts of connective tissue; (2) the infiltration of a mixed leukocyte population in the LP; (3) the infiltration of a mixed leukocyte population in the submucosa layer; (4) the disorder arrangement of MV; and (5) the increase of the number of GCs. The degree of change of the distal intestine histological features was graded into normal structure; slight enteritis; moderate enteritis; and severe enteritis for more concise statistics of the state of enteritis in all samples (Baeverfjord and Krogdahl, 1996; Krogdahl et al., 2003; Silva et al., 2015; Gu et al., 2016).



The Activity of DAO and the Content of D-Lactate in Serum

According to the manufacturer’s instructions, plasma DAO activity was measured by DAO assay kit (A088-1, Nanjing Jiancheng Bioengineering Institute, China). A total of 80 μL of plasma was added to the test tube, mixed with 800 μL of the reaction mixture, and incubated at 37°C for 10 min. The optical density was measured at 340 nm. The results were expressed as unit per liter. The level of D-lactate in plasma was measured by D-lactate ELISA kit (H263, Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions. The test samples were prepared with assay buffer in a 96-well plate and then mixed with the reaction mixture for 30 min at room temperature. The optical density was measured at 450 nm. A standard curve was generated by serial dilution of a D-lactate standard solution, and the concentrations of the samples were calculated. The results were expressed as nanomole per milliliter.



Quantitative Real-Time PCR (qPCR)

To extract and purify the total RNA, distal intestine tissues were ground to powder in liquid nitrogen and added to RNAiso Plus (9109; Takara Biotech, Dalian, China). The integrity of RNA was evaluated by electrophoresis using 1.2% denatured agarose gel and then followed by concentration determination with Nano-Drop®ND1000 (Nano-Drop Technologies, Wilmington, DE, United States). The 260/280 nm absorbance ratios of all samples were close 2.0, and ratios were similar and stable, indicating a satisfactory purity of the RNA samples. Then, RNA was reversed transcribed to cDNA by PrimeScript®RT reagent Kit with gDNA Eraser (Perfect Real Time, Takara, Japan) following the manufacturer’s instructions (Lu et al., 2017; Xu et al., 2017).

The gene expression stability of reference gene GAPDH was assessed, whose mRNA levels in the distal intestine are stable among all the samples in all the time points of the 7S&FM group. Specific primers for target genes and housekeeping genes (Table 2) were synthesized by Qingke (Shandong, China) and then assessed to determine the application efficiency. Real-time PCR was conducted in a quantitative thermal cycler (Mastercyclerep realplex, Eppendorf, Germany) in a final volume of 25 μL containing 12.5 μL of 2 × SYBR Green Real-time PCR Master Mix [SYBR® Premix Ex TaqTM (Tli RNaseH Plus)] (TaKaRa, Japan), 1 μL (10 μM) of each forward and reverse primer, 1 μL of 200 ng/μL complementary DNA template, and 9.5 μL of dH2O. PCR conditions began with 2 min at 95°C, followed by 35 cycles of 15 s at 95°C, 15 s at 58°C, and 20 s at 72°C. A melting curve analysis (1.85°C increment/min from 58 to 95°C) was performed after each amplification phase to confirm amplification of one product only. The gene expression levels were calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001).


TABLE 2. Primers used for quantitative real-time PCR analysis.
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Calculations and Statistical Analysis

Survival (%) = 100 × final amount of fish/initial amount of fish

SGR (% day–1) = 100 × (lnWt − lnW0)/t

FI (% day–1) = 100 × feed consumed × 2/(W0 + Wt)/t

FER = (W0 − Wt)/feed consumed

Where Wt and W0 are final and initial fish weight, respectively; t is the duration of experimental days; feed and protein consumed are calculated on a dry matter basis.

For data not analyzed in the previous section, one-way ANOVA was performed using SPSS 17.0 for Windows, followed by the Tukey’s multiple-range test. Tank means were used as the statistical unit in the analyses. Differences were regarded as significant when P < 0.05 and the results are presented as means ± standard error.



RESULTS


Growth Performance and Feed Utilization

The survival of experimental fish was greater than 99% in each group. The SGR, FER, and final weight in the FM and 7S&FM group were significantly higher than that in the 7S group (P < 0.05); however, the FI in the 7S group was the highest (P < 0.05). There is no significant difference of final weight, SGR, FER, and FI between the FM group and the 7S&FM group (P > 0.05) (Table 3).


TABLE 3. Effects of growth performance and feed utilization of the FM group, 7S&FM group, and 7S group.
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Intestinal Histology

The first signs of enteritis are visible at the third day, which are the slight widening of LP and the disordered arrangement of MV in one of six fish. All fish showed the widening of LP, the disordered arrangement of MV, and the increased number of GCs at the first and second week. At the third week, all sampled fish showed profound inflammatory cell infiltration of LP. At the sixth week, the symptoms of enteritis were the widening of LP in two of six fish and the slight widening of LP in four of six fish; meanwhile, the disordered arrangement of MV was obviously improved. At the 10th week, only the slight widening of LP was observed (Figure 2, Supplementary Figure S1, and Table 4).


TABLE 4. Distal intestinal histology changes statistics in the 7S& FM group.
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FIGURE 2. Histological changes of the distal intestine section from turbot in the 7S&FM group at the zeroth day (a), the third day (b), the first week (c), the second week (d), the third week (e), the sixth week (f), and the 10th week (g). MV, microvilli (black arrows); GC, goblet cells (blue arrows); infiltration of mixed leukocytes (red arrows); LP, lamina propria. Scale bar, 50 μm. Staining: H&E.




DAO (Diamine Oxidase) Enzymes Activities and D-Lactate Content in Serum

The activity of serum DAO and the content of D-lactate significantly increased from the zeroth day to the third week and then showed continuous declination till the 10th week (P < 0.05) (Figure 3).
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FIGURE 3. The activity of DAO and the content of D-lactate in serum at different time points in the 7S&FM group. Results are expressed as means ± standard error. Different letters above the broken lines denote significant (P < 0.05) differences at different time points.




Relative mRNA Expression of Intestinal Mucosal Immunological Barrier-Related Molecules in the Distal Intestine

During the first 3 weeks, the gene expression of IL-1β, IL-8, IL-22, and NF-κB p65 was significantly increased (P < 0.05), whereas the gene expression of TGF-β was significantly decreased (P < 0.05). The gene expression of IFN-γ was significantly increased from the second week to the sixth week (P < 0.05). Compared with the zeroth day, the gene expression of IL-1β, IL-8, IL-22, and IFN-γ, as well as NF-κB p65, all showed no difference at the 10th week (P > 0.05) (Figure 4).
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FIGURE 4. The gene expression of IL-1β, IL-8, IL-22, IFN-γ, TGF-β, and NF-κB p65 at different time points in the 7S&FM group. Results are expressed as means ± standard error. Different letters above the broken lines denote significant (P < 0.05) differences at different time points.




Relative mRNA Expression of Intestinal Mucosal Physical Barrier-Related Proteins in the Distal Intestine

The gene expression of occludin, claudin-like, and claudin-4 significantly declined during the first 3 weeks (P < 0.05). The gene expression of claudin-3 was significantly down-regulated from the third week to the 10th week (P < 0.05). At the second and third week, the gene expression of ZO-1 was significantly decreased (P < 0.05) and the gene expression of MLCK was significantly increased (P < 0.05). Then, at the 10th week, the gene expression of occludin, claudin-like, claudin-4, claudin-3, and ZO-1 was still significantly lower than that of the zeroth day except for MLCK (P < 0.05) (Figure 5).
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FIGURE 5. The gene expression of occludin, claudin-like, claudin-4, claudin-3, ZO-1, and MLCK at different time points in the 7S&FM group. Results are expressed as means ± standard error. Different letters above the broken lines denote significant (P < 0.05) differences at different time points.




DISCUSSION

In this study, the turbot got enteritis when fish was fed 7S diet in the first 3 weeks. The mild symptoms of enteritis were observed in the distal intestines at the first week and all samples of distal intestine exhibited typical symptoms of enteritis at the third week. The relief of enteritis was observed after feeding FM diet in the next 7 weeks. Similar research in Atlantic salmon showed that diet with 33% soybean meal induced severe enteritis of distal intestine within the first week and the symptoms continued to be worse until the third week; however, enteritis was alleviated after converting to FM diet for another 3 weeks (Baeverfjord and Krogdahl, 1996). The faster enteritis development and recovery in Atlantic salmon than that in turbot might be because of the difference in fish species and the use of soybean meal or 7S in diet. In carp, when 20% soybean meal was added in diet, the symptoms of enteritis got worse from the first week to the fourth week but the symptoms got better spontaneously at the fifth week (Urán et al., 2008). The higher adaptability of plant ingredients of omnivorous fish may be the main reason for their recovery from enteritis spontaneously. Results above showed a clear process of the development and recovery of enteritis in turbot induced by 7S.

Diamine oxidase is an intracellular enzyme that is mainly found in the intestinal epithelial cell, and D-lactate is a metabolic product of bacteria that is mainly found in the intestinal mucosa (Luk et al., 1980; Nielsen et al., 2011). The intestine provides an intact mucosal barrier function to prevent DAO and D-lactate infiltrating the portal blood; therefore, they could be used as the symbols of intestinal mucosal injury (Luk et al., 1980; Wu et al., 2016). In the current study, the activity of DAO and the content of D-lactate in serum remarkably increased in the first 3 weeks and then significantly decreased till the 10th week. The previous research showed that the activity of DAO and the content of D-lactate in serum of piglet fed with diet 7S gradually increased from the third week to the fifth week (Wu et al., 2016). Collectively, the results of the histological structure of distal intestine as well as the activity of DAO and the content of D-lactate in serum showed the accordance tendency during the 10 weeks.

Cytokines are a group of biologically active molecules, which act as modulators of the immune responses (Tarakanov et al., 2005; Rauta et al., 2012). In general, the pro-inflammatory cytokines, such as IL-1β, IL-8, IL-22, and IFN-γ, and the anti-inflammatory cytokines, such as TGF-β, are all involved in both the initiation and amplification of enteritis (Opal and Depalo, 2000; Al-Sadi et al., 2012; Wang J. et al., 2017). NF-κB is considered to play an important role in regulating inflammatory response (Peng et al., 2018). In mice and piglets, the secretion of IFN-γ and IL-8 as well as the activation of NF-κB were remarkably induced by dietary 7S (Hao et al., 2009; Sun et al., 2013; Peng et al., 2018). Similar results were observed in the present study; the excessive expression of IL-1β, IL-8, IL-22, IFN-γ, and NF-κB p65 of turbot was induced by dietary 8% 7S in the first 3 weeks. Meanwhile, the gene expression of TGF-β was remarkably reduced. Li et al. (2017) also showed the excessive expression of IL-1β and the decreased expression of TGF-β in the distal intestine of turbot fed with the diet containing 4% 7S for 12 weeks. Consistent with the results of intestinal histology, the gene expression of IL-1β, IL-8, IL-22, IFN-γ, and NF-κB p65 was significantly decreased after feeding FM diet, and the opposite trend was observed in the gene expression of TGF-β. Consequently, the secretion of cytokines induced by 7S was mitigated effectively by FM. However, the results of intestinal tight junction proteins were different.

Generally, tight junction serves as an important physical barrier to protect the intestine, and the damaged structure of the tight junction could facilitate the invasion of pathogen and pathogenic bacteria from intestinal lumen (Le et al., 2008; Turner, 2009; Sturgeon and Fasano, 2016; Takiishi et al., 2017). Claudins are the major barrier-forming proteins of tight junction structure (Wang Y. et al., 2017). Occludin is essential for some mechanisms of tight junction regulation and responsible for part of the structural function of tight junction (Buckley and Turner, 2017). ZO-1 is a scaffolding protein that anchors the tight junction transmembrane proteins to the actin cytoskeleton to regulate the recruitment and assembly of tight junction (Fanning et al., 2002; Umeda et al., 2004; Odenwald et al., 2018). It has been reported that the gene expression of occludin and ZO-1 was decreased by dietary 7S in piglet (Zhao et al., 2014). In the present study, dietary 7S remarkably suppressed the gene expression of claudins, occludin, and ZO-1. Meanwhile, the results showed that the response of occludin and claudins is faster than that of ZO-1. The difference is largely unknown at present; however, claudins are outermost proteins of tight junction that might be easier disrupted than other tight junction proteins in the pathological complex intercellular environment. For instance, research on human gastrointestine showed that some claudins might be functionally incapacitated by binding to pathogens through extracellular receptors (Shrestha and Mcclane, 2013). MLCK regulates the contraction of the perijunctional actin ring by causing phosphorylation of MLC, which could induce disruption of tight junction (Zolotarevsky et al., 2002; Clayburgh et al., 2004; Shen and Turner, 2005). It has been confirmed that the reduction of the expression of ZO-1 is related to the activation of MLCK (Shen et al., 2006), and the recovery of ZO-1 following the inhibition of MLCK activity has been reported as well (Yu et al., 2010). Interestingly, at the sixth and 10th week, the gene expression of MLCK had declined remarkably, while the gene expression of ZO-1 still showed no increase. The reason is largely unknown presently; furthermore, there is a research showing that the damage of tight junction was not correctable by the inhibition of MLCK, which might be due to intestinal epithelial apoptosis (Zolotarevsky et al., 2002). The research in piglets showed that apoptosis was a probable way of the disruption of intestinal tight junction caused by 7S both in vivo and in vitro (Chen et al., 2011). In this study, the expression of intestinal tight junction proteins did not increase significantly after feeding FM diet. Besides, research on the dynamic regulation of tight junction is inadequate, and more researches are needed to investigate the impaired and recovery mechanism of tight junction.



CONCLUSION

In summary, the present results first showed a clear process of enteritis induced by dietary 8% 7S and the recovery by FM in turbot. During the process, the dynamic responses of intestinal inflammatory cytokines and tight junction proteins were quite different, especially the responses of different tight junction proteins. Besides, both NF-κB p65 and MLCK were involved in enteritis. The present results provided new insight into the mitigation methods of 7S-induced enteritis in fish.
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FIGURE S1 | Histological changes of the distal intestine section from turbot in 7S&FM group at the zero day (A), the third day (B), the first week (C), the second week (D), the third week (E), the sixth week (F) and the tenth week (G). MF: mucosal fold; MM: muscularis mucosa; SML: submucous layer; Scale bar, 500 μm. Staining: H & E.

FIGURE S2 | The original blots of SDS-PAGE. The lines from left to right are 7S, 11S, protein marker, 7S, 11S, protein marker, 11S and 11S. The part in the frame was used in the article.


ABBREVIATIONS

 7S, β-conglycinin; DAO, diamine oxidase; FER, feed efficiency ratio; FI, feed intake; FM, fish meal; GAPDH, glyceraldehyde-3-phosphatedehydrogenase; GC, goblet cell; H&E, hematoxylin and eosin; IFN- γ, interferon- γ; IL-1 β, interleukin-1 β; IL-8, interleukin-8; IL-22, interleukin-22; LP, lamina propria; MF, mucosal fold; MLC, myosin II regulatory light chain; MLCK, myosin light chain kinase; MM, muscularis mucosa; MV, microvilli; NF- κ B, nuclear factor-kappa B; SGR, specific growth rate; SML, submucous layer; TGF- β, transforming growth factor- β; TNF- α, tumor necrosis factor- α; ZO-1, zonula occludens-1.
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Ingredients FM 78

Red fish meal? 43 43
Casein 12 5
Gelatin 3 1:2B
Wheat flour 3258 33.3
Fish oil 4 4
Soybean oil 2 2
Soybean lecithin I I
Vitamin premix? 1 1
Mineral premix® 0.5 0.5
Ca(H2PO4)2 0.5 0.5
Choline chloride 0.2 0.2
Calcium propionate 0.1 0.1
Ethoxyquin 0.05 0.05
Yttrium oxide 0.10 0.10
Arginine 0.08 0.00
Leucine 0.00 0.11
Lysine 0.00 0.07
Methionine 0.00 0.10
Threonine 0.00 0.12
Valine 0.00 0.15
Nutrient composition (% dry matter)

Crude protein 52.77 51.18
Crude lipid 11.22 10.96
Ash 9.09 8.88
-Conglycinind 0 5.91

aRed fish meal (dry matter,%): crude protein 73.38, crude lipid 10.42; casein
(dry matter%): crude protein 96.90, crude lipid 0.53; gelatin (dry matter,%): crude
protein 99.30, crude lipid 0.21; wheat flour (dry matter,%): crude protein 17.05,
crude lipid 2.29. ®Vitamin premix (mg kg=" dliet): retinyl acetate, 32; vitamin D3,
5; DL-a-tocopherolacetate, 240; vitamin K3, 10; thiamin, 25; riboflavin (80%), 45;
pyridoxine hydrochloride, 20; vitamin B12 (1%), 10; L-ascorbyl-2-monophosphate-
Na (35%), 2000; calcium pan-tothenate, 60; nicotinic acid, 200; inositol, 800; biotin
(2%), 60; folic acid, 20; cholinechloride (50%), 2500; cellulose, 2473. °Mineral
premix (mg kg~ diet): FeSO4-H,O, 80; ZnSO4-H,0, 50; CuSO4-5H50, 10;
MnSQO4-H20, 45; Ki, 60; Co Cla-6H20 (1%), 50; NaxSeOs (1%), 20; MgSO4-7Ho O,
1200; calcium propionate, 1000; zeolite, 2485. 9Determined by a commercial kit
(National Feed Engineering Technology Research Center, Beijjing, China).
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Target gene

TNF-a-F
TNF-a-R
IFN-y-F
IFN-y-R
IL-1B-F
IL-1B-R
IL-8-F

IL-8-R
IL-22-F
IL-22-R
NF-«kB p65-F
NF-kB p65-R
TGF-B-F
TGF-B-R
Z0-1-F
Z0-1-R
Occludin-F
Occludin-R
Claudin-3-F
Claudin-3-R
Claudin-4-F
Claudin-4-R
Claudin-like-F
Claudin-like-R
MLCK-F
MLCK-R
GAPDH-F
GAPDH-R

Sequences of primers (5'-3')

GGACAGGGCTGGTACAACAC
TTCAATTAGTGCCACGACAAAGAG
GCTTTCCCGATCATCTTCTG
GGTTTCCCAGATTCCCATTC
CGCTTCCCCAACTGGTACAT
ACCTTCCACTTTGGGTCGTC
GGCAGACCCCTTGAAGAATA
TGGTGAACCCTTCCCATTAT
GCTGCAGCGTGACTCACTA
CTGCAGGTACGTGAAGAGGA
TGTCGTAGATGGGGTTGGA
AGGAGCTGGGGAAGGTGAT
TCAGCATTCCAGATGTAGGTG
GGAGAGTGGCTTCAGTTTTTC
CGCCACCAGCAAAACCAGTC
CGATGAAGATGCCCACGTCG
ACTGGCATTCTTCATCGC
GGTACAGATTCTGGCACATC
ATCTGGGAGGGCCTGTGGAT
TCTTGGGAGAGGGCGAGCAT
ATGTGGAGTGTGTCGGCTT
AGACCTTGCACTGCATCTG
ATGTGGAGGGTGTCTGCC
CTGGAGGTCGCCACTGAG
TGTGCTGGGAAGTTCTACAAAGG
CAATCTCAGGCTTGTGGTCGTAG
AGCAGCAGCCATGTCAGACC
TTGGGAGACCTCACCGTTGTAAC

Type

gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR

GenBank no.

AJ276709.1

DQ400686.1

AJ295836.2

DQ400690.1

JQ349070.1

MF370855

Ku238187.1

Ku238184.1

Ku238182.1

KU238180.1

MF370857

KU238181

MF370856

AY008305.1

TNF-a, tumor necrosis factor-a; IFN-vy, interferon-y; IL-18, interfeukin-18; IL-8,
interleukin-8; IL-22, interleukin-22; TGF-B, transforming growth factor-; ZO-1,
zonula occludens-1; NF-kB p65, nuclear factor-kappa B p65; MLCK, myosin
light-chain kinase; GAPDH, glyceraldehyde-3-phosphatedehydrogenase.
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Initial weight (g)
Final weight (g)
Survival (%)
SGR (% day~")
Fl (% day™1)
FER

FM

8.16 +0.11

3117 £1.492

99.19 £ 0.81
1.91 +0.092
1.35 4 0.94P
1.25 +0.122

7S&FM

8.42 £0.15
27.77 + 0.50°
100.00 = 0.00
1.70 + 0.052
1.05 + 0.92P
1.46 + 0.042

7S

8.36 + 0.20
17.02 + 0.41°
99.17 £ 0.83

1.02 £ 0.040

1.88 +0.112

0.52 + 0.02°

Values are means + standard error, and values within the same row with differ-
ent letters are significantly different (P < 0.05). SGR: specific growth rate; Fl: feed
intake, FER: feed efficiency ratio.
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The numbers in the table display the distribution of all samples in different degrees
of enteritis condition at different time points in the 7S&FM group. The intestinal
histology changes were classified according to the criteria described by Baeverfjord
and Krogdahl (1996); Krogdahl et al. (2003), Silva et al. (2015), and Gu et al. (2016).
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