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This paper assessed the positive effects of selenized-oligochitosan (SOC) on zearalenone(ZEN)-induced intestinal dysfunction in piglets. Sixty piglets were randomly divided into 4 groups. Group C was fed the basal diet as a control and Group Z was supplemented with 2 μg/g ZEN in the basal diet; Group ZS1 and ZS2 were supplemented with 0.3 or 0.5 μg/g SOC (calculated by selenium), in addition to 2 μg/g ZEN in the basal diet. After 42 days, ileal mucosal structure, digestive enzyme activities, tight junction protein mRNA expressions, plasma D-lactate and D-xylose contents, and plasma diamine oxidase activities were determined. Compare with Group C, ileal villus height, value of villus height/crypt depth, trypsin, lipase and α-amylase activities, occluding, claudin-1 and ZO-1 mRNA expressions, and plasma D-xylose levels were significantly decreased (p < 0.01) in piglets of group Z; while compare to Group C, ileal crypt depth, plasma D-lactate contents and diamine oxidase activities were significantly increased in piglets of group Z (p < 0.01 or p < 0.05). Compare with Group Z, ileal villus height, lipase and α-amylase activities, occluding, claudin-1 and ZO-1 mRNA expressions, and plasma D-xylose levels were significantly elevated in piglets of group ZS1 and ZS2 (p < 0.01); while compare to Group Z, plasma D-lactate and diamine oxidase contents were significantly reduced in piglets of group ZS1 and ZS2 (p < 0.01 or p < 0.05). Compare with Group Z, value of villus height/crypt depth and trypsin activity were significantly promoted in piglets of group ZS2 (p < 0.01); whereas ileal crypt depth was significantly reduced in piglets of group ZS2 (p <0.01).Thus, SOC can mitigate ZEN-induced intestinal dysfunction in piglets.

KEYWORDS
 selenized-oligochitosan, zearalenone, piglets, digestion function, barrier function


1. Introduction

As a common mycotoxin in cereals and feed, zearalenone (ZEN) has a variety of toxic effects such as reproductive toxicity, enterotoxicity, immunotoxicity, genotoxicity and carcinogenicity, which may cause significant health effects on humans and livestock (1, 2). Among all livestock, pigs are the most sensitive to ZEN. ZEN can cause reproductive dysfunction in sows, decreased semen quality in boars, and reduced growth performance in piglets and fattening pigs, resulting in serious economic losses (3). More seriously, ZEN may remain in pork products after slaughter and processing, which may endanger human health (2, 4). Therefore, it is an urgent issue to mitigate ZEN-induced toxic effects in pig.

Selenized-chitosan is a new organic selenium compound obtained from chitosan and inorganic selenium by chemical synthesis method, which can simultaneously play the comprehensive role of chitosan and organic selenium (5). Studies found that selenized-chitosan could mitigate the damage of antioxidant capacity, regulate immune function, enhance disease resistance, improve the intestinal health, as well as promote production and growth performance of livestock (5, 6). Similarly, selenized-oligochitosan (SOC) is synthesized from oligochitosan with smaller molecular weight and inorganic selenium. SOC has better solubility and higher biological activity compared with ordinary selenized-chitosan due to its smaller relative molecular mass. Therefore, it has broad application prospects. Selenized-chitosan has been shown to antagonize the toxic effects of ZEN on animals. For example, Li et al. (2017) found that selenized-chitosan antagonized ZEN-induced changes in blood IL-18 and TNF-α contents in mice (7). Furthermore, Qin et al. (2022) also found that selenized-chitosan alleviated reduction of antioxidant capacity and immunosuppression induced by ZEN in mice (8). Prevenient study had shown that SOC was also effective in mitigating harmful effects induced by ZEN on piglets performance, blood biochemical indicators, antioxidant function and intestinal flora (9). Apart from intestinal flora, no studies have been reported on SOC alleviating ZEN-induced intestinal dysfunction in pigs; nor on chitosan or selenized-chitosan improving ZEN-induced intestinal dysfunction in pigs. Therefore, this trial investigated the effects of SOC in alleviating ZEN-induced damage to intestinal digestive, absorptive and barrier functions of piglets.



2. Materials and methods


2.1. Animals and handlings

Sixty (35 days old) ternary cross piglets were selected and randomly divided into 3 replicates of 4 groups (Group C, Z, ZS1 and ZS2). Group C was fed the basal diet (containing 0.06 μg/g selenium) as a control and Group Z was supplemented with 2 μg/g ZEN in the basal diet; Group ZS1 and ZS2 were supplemented with 0.3 or 0.5 μg/g SOC (calculated by selenium), respectively, in addition to 2 μg/g ZEN in the basal diet. The pre-trial period was 7 d and the trial period was 42 d. Food and water were taken ad libitum and routinely managed in the whole trial period.



2.2. Sampling and processing

On the morning of the last day of the trial, 2 piglets in each replicate were randomly selected and gavaged with 10% D-xylose solution (1 mg/kg BW), and blood samples were collected from the anterior vena cava one hour later in sodium heparin anticoagulation tubes, centrifuged and plasma collected for the determination of D-xylose, D-lactate contents and diamine oxidase activitie (10). Then the piglets were anaesthetised with intravenous sodium pentobarbital and the abdominal cavity was exposed and ileal samples were harvested. A portion of the samples were frozen in liquid nitrogen to measure mRNA expressions, and another portion of the samples were fixed in 4% paraformaldehyde to measure the intestinal mucosal structure. Ileum contents were also harvested in Eppendorf tubes for immediate determination of intestinal digestive enzyme activity.



2.3. Laboratory Analysis


2.3.1. Determination of intestinal mucosal structure

The ileal samples fixed in 4% paraformaldehyde were routinely sectioned and stained, and the ileal mucosal structure (villus height and crypt depth) was determined in accordance with Wang et al. (2019) with CX31-DP72 microscopic imaging system (Olympus, Japan) (11). 15 images of a typical field of view (with the morphological integrity of the villus and crypt) were determined for each sample, and the average values were recorded, then the values of villus height/crypt depth were calculated.



2.3.2. Determination of Ileal digestives enzyme activities

About 1 g of ileal contents was weighed, and 9 times the volume of pre-chilled saline was added to the contents and homogenized in an ice water bath. Then, 10% homogenates was obtained and centrifuged (3,200 r/min, 8 min) at 4°C in a freezing centrifuge to obtain supernatant, and the extracted supernatant was assayed for trypsin, lipase and α-amylase activities with appropriate kits (Nanjing Jiancheng Bioengineering Institute, China), respectively. Each measurement was performed strictly in duplicate to obtain average values.



2.3.3. Determination of plasma D-lactate, diamine oxidase and D-xylose contents

D-lactate, D-xylose contents and diamine oxidase activities in piglet plasma were also measured with kits manufactured by Nanjing Jiancheng Bioengineering Institute. Each measurement was carried out in duplicate to obtain average values.



2.3.4. Determination of Ileal tight junction protein mRNA expressions

Relative mRNA expressions of ileal tissue tight junction protein (TJP) ZO-1, occludin and claudin-1 were determined by the 2−ΔΔCt method. The primers were synthesized by Beijing Biotechnology Co., Ltd. Upstream primer sequence of β-actin, ZO-1, occludin and claudin-1 were 5´-GATCTGGCACCACACCTTCTACAAC-3′, 5´-CCAGGGAGAGAAGTGCCAGTAGG-3′, 5´-CAGTGGTAACTTGGAGGCGTCTTC-3′ and 5´-AGAAGATGCGGATGGCTGTCATTG-3′, respectively. Downstream primer sequence of β-actin, ZO-1, occludin and claudin-1 were 5´-TCATCTTCTCACGGTTGGCTTTGG-3′, 5´-TTTGGTGGGTTTGGTGGGTTGAC-3′, 5´-CGTCGTGTAGTCTGTCTCGTAATGG-3′ and 5´-ACCATACCATGCTGTGGCAACTAAG-3′, respectively.

Total RNA extraction, reverse transcription of total RNA to cDNA and real-time quantitative PCR reactions for ileal samples were performed using TRIzol reagents (Invitrogen, UK), First Strand cDNA Synthesis Kit (Genecopoeia, USA) and SYBR Green qPCR mix 2.0 kit (Genecopoeia, USA), respectively. Real-time quantitative PCR was performed on a CFX96 Touch real-time PCR system (Bio-Rad, USA) under the following reaction conditions: initial denaturation at 95°C for 10 min; 44 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 20 s and extension at 72°C for 15 s.




2.4. Statistical analysis

Results are expressed as means ± standard deviation. Data were analyzed using one-way ANOVA and the least significant difference method or Tamhane’s T2 test with SPSS 22.0 statistical analysis software (SPSS Inc., USA). Significance of differences in means between groups was determined at p < 0.05.




3. Results


3.1. Intestinal mucosal structure

The results were shown in Figure 1. Ileal villi and crypt were neatly arranged and no abnormal pathological changes were observed in piglets of group C (Figure 1A). The villi were not neatly arranged, not tightly packed, with large gaps between the villi and fractures, and the crypt was not neatly arranged in piglets of group Z; some of the ileal mucosal epithelial cells in piglets of group Z showed apoptosis, which was characterized by smaller cells, nuclear consolidation or lysis, enhanced cytoplasmic eosinophilia, and the presence of apoptotic vesicles (Figure 1B). Compare with group C, the height of the ileal villi and the value of villi height/crypt depth were significantly decreased (p < 0.01), while the crypt depth was significantly increased in piglets of group Z (p < 0.01). Compare with group Z, the villi height was promoted in piglets of group ZS1 (p < 0.05), while the differences in crypt depth and the value of villi height/crypt depth were not significant (p > 0.05). Compared with group Z, the ileal mucosa morphology in the ZS2 group was basically normalized, with improved villi breakage and neater crypt arrangement; decreased the number of apoptotic cells (Figure 1D), ileal villi height and value of villi height/crypt depth increased significantly (p < 0.01), while crypt depth decreased (p < 0.01). In addition, Compared with group ZS1, the value of villi height/crypt depth were also elevated (p < 0.01), while crypt depth was also reduced in piglets of group ZS2 (p < 0.01). However, there was no significant difference in ileal villi height of piglets between group ZS2 and ZS1 (p > 0.05).
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FIGURE 1
 Effects of SOC on ileal morphology induced by ZEN in piglets: (A) ileal morphology in control; (B) ileal morphology in group Z; (C) ileal morphology in group ZS1; (D) ileal morphology in group ZS2; (E) Means of villus height; (F) Means of crypt depth; (G) Means of villus height/Crypt depth. Different capital letters (lowercase letters) in the column chart indicate a significant difference at the 0.01 (0.05) level.




3.2. Ileal digestive enzymes activities

The results were shown in Figures 2A-C. Compare with group C, ileal trypsin, lipase and α-amylase activities were all decreased in piglets of group Z (p < 0.01). Compare with group Z, ileal lipase and α-amylase activities were all increased in piglets of group ZS1 and ZS2 (p < 0.01), and ileal trypsin activity was also increased in piglets of group ZS2 (p < 0.01). Compare with group ZS1, ileal trypsin, lipase and α-amylase activities were also improved in piglets of group ZS2 (p < 0.01).
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FIGURE 2
 Effects of SOC on ileal digestive enzyme activities induced by ZEN in piglets: (A) Trypsin; (B) Lipase; (C) α-amylase. Different capital letters (lowercase letters) in the column chart indicate a significant difference at the 0.01 (0.05) level.




3.3. Plasma D-lactate contents, D-xylose contents and diamine oxidase activities

The results were shown in Figures 3A-C. Plasma D-lactate contents and diamine oxidase activities of piglets were increased (p < 0.01) and the D-xylose contents of piglets were decreased (p < 0.01) in the Z group compare to the control group. However, plasma D-lactate contents and diamine oxidase activities of piglets were decreased (p < 0.05 or p < 0.01) and the D-xylose contents of piglets were increased (p < 0.01) in the ZS1 and ZS2 group compare to the Z group. Additionally, plasma diamine oxidase activities of piglets were also decreased (p < 0.05) and the D-xylose contents of piglets were also increased (p < 0.01) in the ZS2 group compare to the ZS1 group.
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FIGURE 3
 Effects of SOC on plasma levels of dierent parameters induced by ZEN in piglets: (A) D-lactate; (B) DAO; (C) D-xylose. Different capital letters (lowercase letters) in the column chart indicate a significant difference at the 0.01 (0.05) level.




3.4. Ileal TJP mRNA expressions

The results were shown in Figures 4A-C. The mRNA expressions of ZO-1, occludin and claudin-1 in ileum of piglets were decreased in the Z group compare to the control group (p < 0.01). However, The mRNA expressions of ileum ZO-1, occludin and claudin-1 of piglets in the ZS1 and ZS2 groups were greater than those in the Z group (p < 0.01). Additionally, the mRNA expressions of ileum ZO-1, occludin and caudin-1 of piglets were also increased in the ZS2 group compare to in the ZS1 group (p < 0.01 or p < 0.05).
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FIGURE 4
 Effects of SOC on the ileal mRNA Expressions of TJPs induced by ZEN in piglets: (A) ZO-1; (B) Occludin; (C) Claudin-1. Different capital letters (lowercase letters) in the column chart indicate a significant difference at the 0.01 (0.05) level.





4. Discussion

The intestine is in direct contact with ZEN in feed and is involved in ZEN absorption and metabolism (2), and thus ZEN could induce intestinal damage, which resulting in a reduction of absorption and barrier function in animals intestine (12, 13). The ileum is the last section of the small intestine, which is connected to the jejunum in front and the cecum in the back; the ileum can secrete digestive enzymes and active substances to play the role of digestion and absorption of nutrients. Although compared with jejunum and duodenum, ileum has a slightly lower nutrient absorption capacity, it is still one of the important absorption parts of the intestine; therefore, the ileum of piglets was chosen as the research object in this study. It is generally accepted that intestinal villus height, villus height/crypt depth value and crypt depth are usually used as important indicators to evaluate intestinal digestive and absorptive function (14). The results of this trial found that feeding a diet containing 2.0 μg/g ZEN for 42 days leaded to decrease in intestinal villus height and value of villus height /crypt depth and increase in crypt depth in the ileum of piglets; which indicated a change in the intestinal crypt-villus axis function (15). The decrease in intestinal villus height and value of villus height /crypt depth is usually considered to be related to insufficient cell proliferation in the intestinal crypt or excessive cell shedding in the villi (16, 17). For the present results, it may be mainly due to ZEN-induced apoptosis and consequently excessive cell shedding in the villi (18). The results of this trial also found that SOC improved the damage to the ileal villi of piglets by ZEN, as evidenced by restoration of villi alignment, decrease in crypt depth and increase in villi height, which may be the result of the simultaneous action of oligochitosan and organic selenium in SOC. Studies have shown that both organic selenium and chitosan have positive effects on mucosal structure of piglet intestine. Chitosan was able to increase the villi height and thevalue of villi height/crypt depth in the jejunum and ileum of piglets and decrease the crypt depth in the duodenum, jejunum and ileum (19). Organic selenium can also increase the villi height, reduce crypt depth and regulate stress-induced reduction in nutrient absorption capacity of piglets (20). Similar to the present tiral, Fang et al. (2018) found that organic selenium was able to reduce the damage of aflatoxin B1 to the intestine of broiler chickens, resulting in an improvement of intestinal villi height and villi height/crypt depth value, and a protective effect against intestinal damage (21).

Digestive enzymes are important active substances in animal’s intestine, which not only reflect the degree of absorption and /or digestion of nutrients, but also affect the growth, development and production performance in animals (22). Digestive enzymes in small intestine are mainly secreted by the stomach, pancreas and intestinal glands, of which amylase, protease and lipase activities are usually used as important indicators to assess the intestinal digestive function (23, 24). In this trial, SOC improved the ZEN-induced reduction in trypsin, lipase and α-amylase activities in the ileal contents of piglets, suggesting that SOC antagonized harmful effects to intestinal digestive function in piglets induced by ZEN; which could partially explain the mitigating effect of SOC on ZEN-induced reduction in piglet performance in previous study (9). And this may be largely the result of the role of chitosan in the SOC, which has been shown to promote the digestive enzymes activities in intestine or its contents in piglets and geese (25, 26); whereas no studies have been reported on selenium improving the intestinal digestive enzymes activities in animals.

Blood diamine oxidase, D-lactate and D-xylose levels are indicators to evaluate intestinal barrier function and absorption function (10, 27). Diamine oxidase is an intracellular enzyme found mainly in the upper villi of the intestinal mucosa. When the intestinal mucosa is damaged, its permeability increases, leading to the passage of diamine oxidase from the villi into the bloodstream, which in turn results in an inprovement in diamine oxidase activity in the blood circulation, thus indirectly reflecting the intestinal integrity and the degree of damage to the intestinal barrier in animals (28, 29).

D-lactate is one of metabolic products produced by bacteria in the intestine of animals; when the intestine is damaged, the mucosal villi epithelium is shed and the mechanical barrier of the mucosa are damaged, resulting in an increase in mucosal permeability. At this time, a large amount of D-lactate enters the bloodstream through the damaged mucosa, and since mammals lack the enzyme system to metabolize D-lactate, blood D-lactate content reflects the degree of damage to intestinal structure and changes of intestinal permeability (29, 30). In this experiment, both 0.3 and 0.5 μg/g of SOC increased the reduction of plasma diamine oxidase and D-lactate levels in ZEN-induced piglets, indicating that SOC improved intestinal permeability and protected against ZEN-induced impairment of intestinal barrier function in piglets. Similarly, low molecular weight selenium-aminopolysaccharide, which consisting of a low molecular weight aminopolysaccharide (derived from chitosan) and organic selenium, attenuated oxidative stress on intestinal permeability and intestinal barrier function in piglets, and antagonized diamine oxidase activity and d-lactate concentrations in plasma (31). In addition, organic selenium could reduce oxidative stress-induced changes in blood diamine oxidase activity and D-lactate concentrations in pigs, reducing the damage of intestinal mucosal and protecting the integrity of intestinal barrier (32). Furthermore, studies have shown that oligochitosan was also able to increase blood D-lactate concentrations and diamine oxidase activity and villi height in jejunum and ileum in stressed rats, reducing intestinal permeability and protecting intestinal barrier function (33, 34).

D-xylose absorption test is one of the effective methods to evaluate the intestinal absorption function of animals, which can reflect the intestinal absorption capacity by detecting the degree of D-xylose absorption in the small intestine, i.e., a higher blood D-xylose concentration indicates better intestinal digestion and absorption (10, 35). In this trial, both 0.3 and 0.5 μg/g of SOC reduced the ZEN-induced increase in plasma D-xylose levels in piglets, suggesting that SOC alleviated the harmful effects to intestinal absorption function in piglets induced by ZEN, which could also partially explain the improvement of ZEN-induced reduction in piglet performance by SOC found in previous study (9).

Tight junctions are the primary mode of attachment between intestinal mucosal epithelial cells, which are mainly composed of junctional complex proteins (zonula occludens, cingulin, symplekin, etc.), transmembrane proteins (Occludin, tricellulin, Claudins, etc.) and cytoskeletal structures (36, 37). TJPs are important indicators of the function of the physical barrier and permeability of the intestine. Among them, zonula occludens 1 (ZO-1), occludin and claudins have important roles in regulating intestinal permeability and maintaining integrity of intestinal tight junctions (37, 38). In the present trial, 2.0 μg/g of ZEN significantly downregulated the mRNA expression levels of ileal ZO-1, occludin and claudin-1 in piglet, indicating that ZEN caused harmful effects to the ileal mechanical barrier and increased intestinal permeability in piglets. The mechanism by which ZEN reduces transcription and translation of TJPs in the piglet intestine and thus damages the physical barrier of the piglet intestine may be related to the following factors. 1) ZO-1 not only binds to the cytoskeleton (microtubules, microfilaments and filaments), ocludin and claudin-1, but also regulates the assembly of the cytoskeleton at cell junctions (39), whereas ZEN induces significant downregulation of mRNA expression in TJP, and also induces redistribution of the ZO-1, which altered the tight junction structure and improved intestinal permeability (40). 2) ZEN disrupts the TJP structure by activating RhoA/ROCK signaling pathway resulting in rearrangement of cellular microfilaments and alteration of the cytoskeleton, which in turn damages intestinal physical barrier and increases intestinal permeability (40). 3) ZEN impedes the repair of intestinal epithelial and mucosal damage in piglets by preventing the expression of TGF-β1 and Smad family proteins in TGF-β1/Smads signaling pathway (41).

In this experiment, both 0.3 and 0.5 μg/g of SOC increased the reduction of mRNA expressions of ZO-1, occludin and claudin-1 induced by ZEN in piglet, indicating that SOC improved intestinal permeability and reduced ZEN-induced harmful effects to the intestinal physical barrier in piglets. Similarly, low molecular weight selenium-aminopolysaccharide was able to significantly increase the expressions of ileal ZO-1 and occludin in weaned piglets, protecting ileal tight junctions and reducing ileal intestinal permeability (31). However, the mechanism of how SOC mitigated the effects of ZEN on TJPs, and thus improved intestinal permeability and attenuated ZEN-induced physical barrier damage in piglets (e.g., whether it activated the TGF-β1/Smads signaling pathway and/or prevented the RhoA/ROCK signaling pathway) still needs further investigation.



5. Conclusion

SOC antagonized ZEN-induced changes in ileal mucosal structure, digestive enzyme activity, permeability, and tight junction protein mRNA expression levels in piglets, indicating that it protected against ZEN-induced impairment of intestinal digestive, absorptive and barrier functions in piglets.



Data availability statement

The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by Experimental Animal Ethics Committee of Tianjin Agricultural University.



Author contributions

SQ: investigation, data analysis, validation, and writing—original draft and editing. YP: investigation and data analysis. FS: investigation and validation. JZ: supervision and resources. LL: supervision and project administration. FC: writing—review and editing, supervision, and funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by Key Project of Tianjin Natural Science Foundation (20JCZDJC00170), Shandong Natural Science Foundation (ZR2021MC150), Shandong Science and Technology Small and Medium Enterprises Innovation Ability Improvement Project (2021tsgc1303), and Shandong Modern Agricultural Technology and Industry System (SDAIT-11-07).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1184969/full#supplementary-material



References

 1. Zhang, W, Zhang, S, Wang, J, Shan, A, and Xu, L. Changes in intestinal barrier functions and gut microbiota in rats exposed to zearalenone. Ecotoxicol Environ Saf. (2020) 204:111072. doi: 10.1016/j.ecoenv.2020.111072

 2. Liu, J, and Applegate, T. Zearalenone (ZEN) in livestock and poultry: dose, Toxicokinetics, toxicity and Estrogenicity. Toxins (Basel). (2020) 12:377. doi: 10.3390/toxins12060377

 3. Su, Y, Sun, Y, Ju, D, Chang, S, Shi, B, and Shan, A. The detoxification effect of vitamin C on zearalenone toxicity in piglets. Ecotoxicol Environ Saf. (2018) 158:284–92. doi: 10.1016/j.ecoenv.2018.04.046

 4. Mahato, DK, Devi, S, Pandhi, S, Sharma, B, Maurya, KK, Mishra, S , et al. Occurrence, impact on agriculture, human health, and management strategies of Zearalenone in food and feed: a review. Toxins (Basel). (2021) 13:92. doi: 10.3390/toxins13020092

 5. Qin, S, Huang, B, Ma, J, Wang, X, Zhang, J, Li, L , et al. Effects of selenium-chitosan on blood selenium concentration, antioxidation status, and cellular and humoral immunity in mice. J Biol Trace Elem Res. (2015) 165:145–52. doi: 10.1007/s12011-015-0243-5

 6. Zhang, Q, Han, Y, Yang, Y, Zhou, P, and Shen, X. Effects of the Seleno-chitosan on daily gain, wool yield, and blood parameter in the Chinese merino sheep. Biol Trace Elem Res. (2022) 200:4704–11. doi: 10.1007/s12011-021-03049-7

 7. Li, D, Zhao, F, Chen, F, Qin, S, Zheng, Y, He, J , et al. Effects of chitosan selenium on viscera index, interleukin 18 and tumor necrosis factor αcontent in mice by zearalenone. China Feed. (2017) 8:36–38. doi: 10.15906/j.cnki.cn11-2975/s

 8. Qin, S, She, F, Zhao, F, Li, L, and Chen, F. Selenium-chitosan alleviates the toxic effects of zearalenone on antioxidant and immune function in mice. Front Vet Sci. (2022) 9:1036104. doi: 10.3389/fvets.2022.1036104

 9. Li, P, Peng, Y, Yu, R, She, F, Li, X, Qin, S , et al. Oligochitosan-selenium alleviates the effects of zearalenone on piglet performance, blood biochemical indexes, antioxidant function and intestinal flora. Feed Research. (2022) 45:31–5. doi: 10.13557/j.cnki.issn1002-2813.2022.15.008

 10. Hou, Y, Wang, L, Zhang, W, Yang, Z, Ding, B, Zhu, H , et al. Protective effects of N-acetylcysteine on intestinal functions of piglets challenged with lipopolysaccharide. Amino Acids. (2012) 43:1233–42. doi: 10.1007/s00726-011-1191-9

 11. Wang, C, Cao, S, Shen, Z, Hong, Q, Feng, J, Peng, Y , et al. Effects of dietary tributyrin on intestinal mucosa development, mitochondrial function and AMPK-mTOR pathway in weaned pigs. J Anim Sci Biotechnol. (2019) 10:93. doi: 10.1186/s40104-019-0394-x

 12. Ma, L, Jiang, Y, Lu, F, Wang, S, Liu, M, Liu, F , et al. Quantitative proteomic analysis of Zearalenone-induced intestinal damage in weaned piglets. Toxins. (2022) 14:702. doi: 10.3390/toxins14100702

 13. Billeschou, A, Hunt, JE, Ghimire, A, Holst, JJ, and Kissow, H. Intestinal adaptation upon chemotherapy-induced intestinal injury in mice depends on GLP-2 receptor activation. Biomedicine. (2021) 9:46. doi: 10.3390/biomedicines9010046

 14. Pluske, JR, Thompson, MJ, Atwood, CS, Bird, PH, Williams, IH, and Hartmann, PE. Maintenance of villus height and crypt depth, and enhancement of disaccharide digestion and monosaccharide absorption, in piglets fed on cows’ whole milk after weaning. Br J Nutr. (1996) 76:409–22. doi: 10.1079/BJN19960046

 15. Przybylska-Gornowicz, B, Tarasiuk, M, Lewczuk, B, Prusik, M, Ziółkowska, N, Zielonka, Ł , et al. The effects of low doses of two fusarium toxins, zearalenone and deoxynivalenol, on the pig jejunum. A light and electron microscopic study. Toxins (Basel). (2015) 7:4684–705. doi: 10.3390/toxins7114684

 16. Bodiga, VL, Boindala, S, Putcha, U, Subramaniam, K, and Manchala, R. Chronic low intake of protein or vitamins increases the intestinal epithelial cell apoptosis in Wistar/NIN rats. Nutrition. (2005) 21:949–60. doi: 10.1016/j.nut.2005.02.002

 17. Jang, KB, and Kim, SW. Supplemental effects of dietary nucleotides on intestinal health and growth performance of newly weaned pigs. J Anim Sci. (2019):skz334. doi: 10.1093/jas/skz334

 18. Zhang, Q, Huang, L, Leng, B, Li, Y, Jiao, N, Jiang, S , et al. Zearalenone affect the intestinal villi associated with the distribution and the expression of ghrelin and proliferating cell nuclear antigen in weaned gilts. Toxins. (2021) 13:736. doi: 10.3390/toxins13100736

 19. Xu, Y, Shi, B, Yan, S, Li, T, Guo, Y, and Li, J. Effects of chitosan on body weight gain, growth hormone and intestinal morphology in weaned pigs. Asian-Australas J Anim Sci. (2013) 26:1484–9. doi: 10.5713/ajas.2013.13085

 20. He, Y, Liu, Y, Tang, J, Jia, G, Liu, G, Tian, G , et al. Selenium exerts protective effects against heat stress-induced barrier disruption and inflammation response in jejunum of growing pigs. J Sci Food Agric. (2022) 102:496–504. doi: 10.1002/jsfa.11377

 21. Fang, J, Yin, H, Zheng, Z, Zhu, P, Peng, X, Zuo, Z , et al. The molecular mechanisms of protective role of se on the G2/M phase arrest of jejunum caused by AFB1. Biol Trace Elem Res. (2017) 181:142–53. doi: 10.1007/s12011-017-1030-2

 22. Whitcomb, DC, and Lowe, ME. Human pancreatic digestive enzymes. Dig Dis Sci. (2007) 52:1–17. doi: 10.1007/s10620-006-9589-z

 23. Zhang, Y, Chen, DW, Yu, B, He, J, Yu, J, Mao, XB , et al. Spray-dried chicken plasma improves intestinal digestive function and regulates intestinal selected microflora in weaning piglets. J Anim Sci. (2015) 93:2967–76. doi: 10.2527/jas.2014-8820

 24. Long, S, Liu, S, Wang, J, Mahfuz, S, and Piao, X. Natural capsicum extract replacing chlortetracycline enhances performance via improving digestive enzyme activities, antioxidant capacity, anti-inflammatory function, and gut health in weaned pigs. Anim Nutr. (2021) 7:305–14. doi: 10.1016/j.aninu.2020.12.004

 25. Wei, P, Yang, Z, Miao, Z, He, Y, and Zhang, J. Effect of expanded chitosan particle on the nutrient digestibility and digestive enzymes activities of weaned piglets. Feed Industry. (2017) 38:36–9. doi: 10.13302/j.cnki.fi.2017.12.008

 26. Miao, Z, Liu, Y, Guo, L, Zhao, W, and Zhang, J. Effects of dietary chitosan on growth rate, small intestinal morphology, nutrients apparent utilization and digestive enzyme activities of growing Huoyan geese. Animal. (2020) 14:2635–41. doi: 10.1017/S1751731120001408

 27. Zhang, W, Zhang, S, Wang, J, Shan, A, and Xu, L. Changes in intestinal barrier functions and gut microbiota in rats exposed to zearalenone. Ecotoxicol Environ Saf. (2020) 204:111072. doi: 10.1016/j.ecoenv.2020.111072

 28. Wolvekamp, MC, and de Bruin, RW. Diamine oxidase: an overview of historical, biochemical and functional aspects. Dig Dis. (1994) 12:2–14. doi: 10.1159/000171432

 29. Shi, L, Xun, W, Peng, W, Hu, H, Cao, T, and Hou, G. Effect of the single and combined use of curcumin and Piperine on growth performance, intestinal barrier function, and antioxidant capacity of weaned Wuzhishan piglets. Front Vet Sci. (2020) 7:418. doi: 10.3389/fvets.2020.00418

 30. Xia, B, Wu, W, Fang, W, Wen, X, Xie, J, and Zhang, H. Heat stress-induced mucosal barrier dysfunction is potentially associated with gut microbiota dysbiosis in pigs. Anim Nutr. (2022) 8:289–99. doi: 10.1016/j.aninu.2021.05.012

 31. Wen, ZS, Tang, Z, Ma, L, Zhu, TL, Wang, YM, Xiang, XW , et al. Protective effect of low molecular weight Seleno-Aminopolysaccharide on the intestinal mucosal oxidative damage. Mar Drugs. (2019) 17:64. doi: 10.3390/md17010064

 32. Liu, L, Wu, C, Chen, D, Yu, B, Huang, Z, Luo, Y , et al. Selenium-enriched yeast alleviates oxidative stress-induced intestinal mucosa disruption in weaned pigs. Oxidative Med Cell Longev. (2020):5490743. doi: 10.1155/2020/5490743

 33. Wei, L, Li, Y, Chang, Q, Guo, G, and Lan, R. Effects of chitosan oligosaccharides on intestinal oxidative stress and inflammation response in heat stressed rats. Exp Anim. (2021) 70:45–53. doi: 10.1538/expanim.20-0085

 34. Lan, R, Chang, Q, Wei, L, and Zhao, Z. The protect effects of chitosan oligosaccharides on intestinal integrity by regulating oxidative status and inflammation under oxidative stress. Mar Drugs. (2021) 19:57. doi: 10.3390/md19020057

 35. Craig, RM, and Ehrenpreis, ED. D-xylose testing. J Clin Gastroenterol. (1999) 29:143–50. doi: 10.1097/00004836-199909000-00008

 36. Ikenouchi, J, Furuse, M, Furuse, K, Sasaki, H, and Tsukita, S. Tricellulin constitutes a novel barrier at tricellular contacts of epithelial cells. J Cell Biol. (2005) 171:939–45. doi: 10.1083/jcb.200510043

 37. Alizadeh, A, Akbari, P, Garssen, J, Fink-Gremmels, J, and Braber, S. Epithelial integrity, junctional complexes, and biomarkers associated with intestinal functions. Tissue Barriers. (2022) 10:1996830. doi: 10.1080/21688370.2021.1996830

 38. Suzuki, T. Regulation of the intestinal barrier by nutrients: the role of tight junctions. Anim Sci J. (2020) 91:e13357. doi: 10.1111/asj.13357

 39. Odenwald, MA, Choi, W, Buckley, A, Shashikanth, N, Joseph, NE, Wang, Y , et al. ZO-1 interactions with F-actin and occludin direct epithelial polarization and single lumen specification in 3D culture. J Cell Sci. (2017) 130:243–59. doi: 10.1242/jcs.188185

 40. Huang, B, Wang, J, Gu, A, Wang, T, Li, J, and Shan, A. Zearalenone-induced mechanical damage of intestinal barrier via the RhoA/ROCK signaling pathway in IPEC-J2 cells. Int J Mol Sci. (2022) 23:12550. doi: 10.3390/ijms232012550

 41. Zhang, P, Jing, C, Liang, M, Jiang, S, Huang, L, Jiao, N , et al. Zearalenone exposure triggered Cecal physical barrier injury through the TGF-beta1/Smads signaling pathway in weaned piglets. Toxins. (2021) 13:902. doi: 10.3390/toxins13120902



OPS/images/fvets-10-1184969-g003.jpg
Aa

zs1 zs2

W27,

z

w o 0

? ? S
< S S

("1/10unw) dsO[AX-(

zs1 zs2

z

c

zs1 zs2

z






OPS/images/fvets-10-1184969-g004.jpg
@

282

SIPAY] VN 24D [-0Z
<





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Positive effects of selenized-oligochitosan on zearalenone-induced intestinal dysfunction in piglets



		1. Introduction



		2. Materials and methods



		2.1. Animals and handlings



		2.2. Sampling and processing



		2.3. Laboratory Analysis



		2.3.1. Determination of intestinal mucosal structure



		2.3.2. Determination of Ileal digestives enzyme activities



		2.3.3. Determination of plasma D-lactate, diamine oxidase and D-xylose contents



		2.3.4. Determination of Ileal tight junction protein mRNA expressions









		2.4. Statistical analysis









		3. Results



		3.1. Intestinal mucosal structure



		3.2. Ileal digestive enzymes activities



		3.3. Plasma D-lactate contents, D-xylose contents and diamine oxidase activities



		3.4. Ileal TJP mRNA expressions









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fvets-10-1184969-g001.jpg
Y,

M s
g 8 8
8 8

g
431y snA

281 282

z

781 282

z

zs1 282

z





OPS/images/fvets-10-1184969-g002.jpg
zs1 zs2

W%,

z

c

® ¥ ©® & « o

(Bwy/n) oserwe-n

Ca

zs1 zs2

o

2222

z

c

S 8 2 g °
8 8 % R’

100

(Buyn) asedry

Bb
zs1 zs2

W22,

2

z

c

800





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Positive effects of

selenized-oligochitosan on
zearalenone-induced intestinal
dysfunction in piglets












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
' frontiers Frontiers in Veterinary Science






