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Abstract

:

Deoxynivalenol (DON) is a common mycotoxin that is widely found in various foods and feeds, posing a potential threat to human and animal health. This study aimed to investigate the protective effect of the natural polyphenol piceatannol (PIC) against DON-induced damage in porcine intestinal epithelial cells (IPEC-J2 cells) and the underlying mechanism. The results showed that PIC promotes IPEC-J2 cell proliferation in a dose-dependent manner. Moreover, it not only significantly relieved DON-induced decreases in cell viability and proliferation but also reduced intracellular reactive oxygen species (ROS) production. Further studies demonstrated that PIC alleviated DON-induced oxidative stress damage by increasing the protein expression levels of the antioxidant factors NAD(P)H quinone oxidoreductase-1 (NQO1) and glutamate–cysteine ligase modifier subunit (GCLM), and the mRNA expression of catalase (CAT), Superoxide Dismutase 1 (SOD1), peroxiredoxin 3 (PRX3), and glutathione S-transferase alpha 4 (GSTα4). In addition, PIC inhibited the activation of the nuclear factor-B (NF-κB) pathway, downregulated the mRNA expression of interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor α (TNF-α) to attenuate DON-induced inflammatory responses, and further mitigated DON-induced cellular intestinal barrier injury by regulating the protein expression of Occludin. These findings indicated that PIC had a significant protective effect against DON-induced damage. This study provides more understanding to support PIC as a feed additive for pig production.
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1. Introduction


Deoxynivalenol (DON) is a trichothecene mycotoxin that is mainly produced by Fusarium graminearum and Fusarium flavum and is typically found in feed and other organic substrates [1]. Because DON can cause vomiting in pigs, it is also known as a vomiting toxin. As one of the most commonly detected toxins in the world, DON pollution is widespread worldwide. Given that DON is ubiquitous in human and animal food, it poses a potential risk to human and animal health [2]. Although exposure to DON could result in its accumulation in animal-derived products, such as muscle, the amount that consumers are exposed to through consumption is very low [3]. DON is classified in Group 3 (not classifiable for its carcinogenicity to humans) by the International Agency for Research on Cancer (IARC), a division of the World Health Organization (WHO) [4]. When humans or animals are exposed to DON, the body will experience a series of adverse reactions, such as anorexia, vomiting, diarrhea, intestinal inflammation, and immune system diseases, which seriously endanger health [5,6]. Studies have shown that when cells are exposed to DON, cell viability and antioxidant capacity decrease, leading to inflammation and apoptosis [7]. As previously mentioned, it is imperative to develop effective methods to destroy or inactivate DON in food and feed. Currently, common methods for detoxifying DON include physical, chemical, and biological techniques, such as heat treatment, ozonization, and the use of microbes or enzymes [8].



Compared with other monogastric farm animals, pigs are more sensitive to DON [9]. The intestinal epithelium is the main barrier of the body, allowing the absorption of nutrients while preventing pathogenic microorganisms and toxins from entering the body [10]. Therefore, after the ingestion of infected feed, intestinal epithelial cells are exposed to high concentrations of DON, which may cause a variety of intestinal diseases [11]. The IPEC-J2 cell line is a well-established in vitro model of intestinal physiology [12], and it is often used for in vitro toxicity studies, barrier regulation, nutritional uptake, and drug function screening [13,14]. It has been reported that when IPEC-J2 cells are exposed to DON, cell viability is reduced and cell barrier integrity is damaged [7,15]. DON can also interfere with cell cycle progression from the G2/M phase to the S phase, thereby affecting cell proliferation, and can regulate the expression levels of factors associated with barrier function, nutrient transport, and mitochondrial biosynthesis and function-related genes [16]. Therefore, there is an urgent need to identify effective ways to relieve DON-induced cytotoxicity to reduce its potential risks to animal and human health.



Passion fruit (Passiflora edulis) seeds contain considerable quantities of a natural polyphenolic compound called piceatannol (PIC) [17]. PIC is also present in red grapes and other plants [18]. PIC is similar to resveratrol (RES) and shares similar biological activities. It has been shown to possess various beneficial properties, including antioxidation, anti-inflammation, and neuroprotective activities [19,20,21]. Li’s research demonstrated that PIC could suppress inflammation induced by tumor necrosis factor-alpha (TNF-α) [22]. A study revealed that PIC could inhibit the production of PGE2 and NO induced by lipopolysaccharide. This is achieved by regulating the expression of the transcription factor nuclear factor kappa-B (NF-κB) in RAW 264.7 macrophages [23]. In addition, PIC has been reported to protect ARPE-19 cells against photooxidative damage caused by vitamin A dimers, which is achieved by activating the nuclear factor erythroid 2-related factor-2 (Nrf2)/NAD(P)H quinone oxidoreductase-1 (NQO1) signaling pathway [24]. Recent research has shown that PIC can reduce aging by activating Nrf2 and its downstream antioxidant enzyme in the cranial nerve [25]. However, whether PIC can alleviate DON-induced IPEC-J2 cytotoxicity has not been reported, and the protective effect of PIC on IPEC-J2 cells is also unclear.



Therefore, in this study, IPEC-J2 cells were used as a model to investigate the protective effect of PIC against DON-induced IPEC-J2 cell injury and the possible molecular mechanism. This study provides a theoretical basis for the use of PIC as a feed additive to maintain porcine intestinal health.




2. Results


2.1. Effects of PIC on the Viability of IPEC-J2 Cells


IPEC-J2 cells were incubated with PIC (0, 25, 50, 100, and 200 μM) for 24 h, 48 h, and 72 h. As shown in Figure 1, 50 or 100 μM PIC treatment for 24 h could enhance cell viability (p < 0.05), and 100 μM PIC was preferable. Treatment with 25–200 μM PIC for 48 h or 72 h could stimulate cell viability (p < 0.01), and 100 μM PIC was the most effective. Therefore, 100 μM PIC was chosen for the next experiment.




2.2. PIC Alleviates the Cytotoxicity of IPEC-J2 Cells Induced by DON


IPEC-J2 cells were exposed to several doses of DON (0, 0.25, 0.5, 0.75, 1, 1.5, and 2 μg/mL) for 24 h, and DON showed significant cytotoxicity. As shown in Figure 2A, in response to 0.5 μg/mL DON, cell viability was 57.34% (p < 0.01), which is similar to the IC50 of DON in IPEC-J2 cells.



IPEC-J2 cells were pretreated with 0, 25, 50, 100, 200, and 400 µM PIC for 24 h before being treated with 0.5 μg/mL DON for 24 h. As expected, PIC could attenuate DON-induced cytotoxicity. Compared with that in the control group, cell viability in the DON group was significantly decreased (p < 0.01). However, after pretreatment with 25–400 μM PIC for 24 h, cell viability was significantly increased compared with that in the DON-only group (p < 0.01, Figure 2B). It is worth noting that when the PIC concentration was 100 μM and 200 μM, cell viability was restored to the highest level, and there was no difference between the two groups (Figure 2B). Thus, 100 µM PIC was selected as the concentration for subsequent experiments. Cell morphology was further examined and showed that DON resulted in a flattened cell shape and reduced cell numbers. Pretreatment with PIC significantly reversed these cellular morphological changes (Figure 2C).




2.3. Effects of DON and PIC on IPEC-J2 Cell Growth


The proliferation of cells in the S phase of the cell cycle can be assessed by using 5-Ethynyl-2′-deoxyuridine (EdU) to measure the proliferative capacity of IPEC-J2 cells. The proliferating cells in which the nucleus was stained red were considered EdU-positive cells. As shown in Figure 3A,B, the percentage of EdU-positive cells in the DON-treated group was considerably lower (p < 0.01) than that in the control group. Importantly, PIC could increase IPEC-J2 cell proliferation. After PIC pretreatment, the number of EdU-positive cells increased considerably in the PIC+DON group compared with the DON group (p < 0.01). This finding suggests that PIC pretreatment can enhance the proportion of EdU-positive cells following DON injury, thereby reducing the effects of DON.




2.4. PIC Eliminates DON-Induced Reactive Oxygen Species (ROS) Production


As shown in Figure 4, the PIC group had dramatically reduced intracellular ROS levels (p < 0.05) compared with the control group. Intracellular ROS levels increased considerably (p < 0.01) after DON stimulation. PIC pretreatment significantly reduced ROS generation (p < 0.01). This finding demonstrates that PIC can reduce DON-induced ROS generation, thereby protecting cells from free radical damage.




2.5. PIC Protected IPEC-J2 Cells from DON-Induced Oxidative Damage


Western blotting was used to determine the protein expression levels of NQO1 and glutamate–cysteine ligase modifier subunit (GCLM) to investigate the effect of PIC on DON-induced oxidative damage in IPEC-J2 cells. These two proteins play critical antioxidant and detoxifying roles in cells, ensuring intracellular redox homeostasis and protecting cells from oxidative damage. As shown in Figure 5, the protein expression levels of NQO1 and GCLM in the DON group were considerably lower than those in the control group (p < 0.05). Compared with the DON group, PIC pretreatment significantly elevated NQO1 and GCLM protein expression (p < 0.05). Other popular antioxidant genes, namely, catalase (CAT), Heme Oxygenase-1 (HO-1), Superoxide Dismutase 1 (SOD1), peroxiredoxin 1 (PRX1), PRX3, glutathione peroxidases 3 (GPX3), GPX4, glutathione S-transferase alpha 1 (GSTα1), and GSTα4, were measured by RT-qPCR as well (refer to Figure S1). Compared with the control group, DON reduced the gene expression of CAT, SOD1, PRX3, GPX3, GPX4, GSTα1, and GSTα4, but no change was observed in HO-1 and PRX1. Additionally, PIC pretreatment increased the mRNA expression of CAT, SOD1, PRX3, and GSTα4 when compared with the DON group. These suggest that PIC can increase antioxidant capability and reduce the oxidative damage caused by DON in IPEC-J2 cells.




2.6. PIC Reduced DON-Induced Inflammation in IPEC-J2 Cells


The activity of the NF-κB signaling pathway was detected. As shown in Figure 6, compared with the control group, the DON treatment group had significant increases in the mRNA expression of IL-6 and IL-1β (p < 0.01), the protein expression of IL-1β (p < 0.01), and the ratio of p-p65/p65 (p < 0.05). Interestingly, PIC pretreatment inhibited DON-induced increases in IL-6, TNF-α, and IL-1β mRNA expression (p < 0.01), IL-1β protein expression (p < 0.01), and the p-p65/p65 ratio (p < 0.01). This shows that PIC can reduce DON-induced damage to cells and reduce the occurrence of the inflammatory response.




2.7. PIC Regulated the Expression of DON-Induced Tight Junction Proteins in IPEC-J2 Cells


We performed Western blotting to measure the protein expression levels of ZO-1 and Occludin to investigate the impact of PIC and DON on tight junction proteins. As shown in Figure 7, compared with that in the control group, the protein expression level of Occludin in IPEC-J2 cells treated with DON alone was significantly decreased (p < 0.05). In addition, compared with that in the DON-treated group, the protein expression of Occludin in PIC-pretreated cells was significantly increased (p < 0.01). However, ZO-1 expression was not changed in any of the groups. Overall, these results indicated that PIC pretreatment could enhance the tight junctions between intestinal epithelial cells and protect IPEC-J2 cells from DON injury.





3. Discussion


Pigs are one of the most sensitive farmed animals to DON [26]. During the breeding process, DON is mainly absorbed in the small intestine [27]. Early results suggest that the presence of DON could cause inflammation and apoptosis, break down barrier integrity, affect the structure of the intestine, and decrease the efficiency of nutrient absorption and transport in pigs [15,28,29]. Therefore, it is crucial to develop effective strategies to mitigate the toxic impact of DON on intestinal epithelial cells.



Plant polyphenols are a class of compounds that are widely found in nature. Due to their unique chemical properties and structure, plant polyphenols have various biological effects, including antioxidant and anti-inflammatory effects, can inhibit diabetes and obesity, and can prevent and treat cardio- and cerebrovascular diseases [30,31,32]. Many researchers have used polyphenols to detoxify mycotoxins. Studies have shown that astaxanthin can decrease the impact of aflatoxin B1 on oxidative stress and apoptosis in IPEC-J2 cells [33]. Similarly, RES protects IPEC-J2 cells from DON-induced injury through the Nrf2 signaling pathway [34]. Based on this, we hypothesized that PIC, which is a phenolic compound, may also influence mycotoxin toxicity. To confirm this hypothesis, we investigated the effect of PIC on DON-induced cytotoxicity by examining oxidative stress, inflammation, and the intestinal barrier using the IPEC-J2 cell line.



In this study, we observed that the viability of IPEC-J2 cells decreased gradually with increasing DON concentrations, which is consistent with previous findings [7]. After treatment with 0.5 μg/mL DON for 24 h, cell viability decreased to approximately 57%. When the cells were treated with 50 μM and 100 μM PIC for 24 h, the viability of IPEC-J2 cells was increased, and the effect of 100 μM PIC was better. Similar to our study, rat cardiomyocytes were treated with 1–50 μM PIC, which increased cell viability [35]. It has also been reported that when human retinal pigment epithelial cells were exposed to hydrogen peroxide (H2O2), cell viability was reduced, and in response to supplementation with 5–15 µM PIC, cell viability gradually recovered to its original level [36]. In our study, PIC alleviated DON-induced cytotoxicity and increased cell viability from 62% to 85%. The results of EdU staining were consistent with this finding. The results showed that PIC protected cells by inhibiting cell death and improving cell growth.



An imbalance between prooxidants and antioxidants can lead to oxidative stress, which destroys the intestinal barrier and promotes apoptosis, leading to intestinal diseases [37,38]. Excessive ROS or antioxidant deficiencies often lead to oxidative damage and cell mortality [39]. Earlier studies showed that DON increases ROS levels in IPEC-J2 cells and induces cell death [40]. PIC is a potent ROS scavenger that protects cells from ROS accumulation and oxidative damage-induced apoptosis [36]. Our research indicated that PIC pretreatment significantly inhibited DON-induced ROS accumulation. Nrf2 is a central transcription factor that encodes antioxidant proteins and detoxification enzymes to combat oxidative damage [41]. It is well known that SOD1, CAT, HO-1, PRX1, PRX3, GPX3, GPX4, GSTα1, GSTα4, GCLM, and NQO1 are target genes of Nrf2 [42,43,44]. SOD converts superoxide anions to H2O2, and CAT breaks down H2O2 into O2 and H2O. PRXs reduce ROS, and GPXs regulate cytoplasmic H2O2 levels. GST uses glutathione to detoxify xenobiotics and their reactive metabolites, while HO-1 is an enzyme that limits the degradation of heme and prevents free heme from participating in the oxidative reaction. GCLM is the rate-limiting enzyme for glutathione synthesis, while NQO1 protects cells from oxidative stress by regulating cellular redox status [42,43,44]. In this study, it was observed that the mRNA levels of CAT, SOD1, PRX3, and GSTα4 were significantly reduced in IPEC-J2 cells when exposed to DON. However, when co-treated with PIC, the mRNA levels of these antioxidant genes were significantly increased. There was no change in the mRNA expression of HO-1, indicating that PIC does not work through this gene. The protein expression levels of intracellular antioxidants NQO1 and GCLM were increased, which helped to reduce DON-induced oxidative damage in IPEC-J2 cells. Overall, these findings suggest that PIC has an antioxidant effect and can protect IPEC-J2 cells from DON-induced damage.



Oxidative damage and inflammation levels are closely related in cells [45]. Therefore, we investigated the effect of PIC on DON-induced NF-κB pathway activation. The results showed that DON promoted p65 phosphorylation and increased the mRNA expression of the inflammatory factors IL-6 and IL-1β and the protein expression of IL-1β, leading to increased cellular inflammation. Encouragingly, PIC pretreatment could alleviate inflammation caused by DON exposure. Similarly, an alkaloid called koumine alleviated LPS-induced toxicity in RAW264.7 macrophages by inhibiting the NF-κB pathway [46]. Additionally, ferulic acid (FA) attenuated DON-induced inflammation in IPEC-J2 cells by inhibiting the phosphorylation of NF-κB [47]. These results indicate that PIC has a good effect on the inflammatory response caused by DON.



Tight junctions are multiprotein complexes that are used to maintain intestinal epithelial barrier function [48]. Occludin and ZO-1 are key tight junction proteins that are major targets in the treatment of intestinal barrier function [49]. It has been reported that reductions in intestinal permeability in weaned piglets caused by a deficiency of tight junction proteins can be ameliorated by upregulating the expression of Occludin and ZO-1 [50]. In this study, we found that exposure to DON resulted in the downregulation of Occludin protein expression, which was consistent with previous research results [30]. However, the protein expression of ZO-1 remained unchanged. After PIC pretreatment, the protein expression of Occludin was upregulated to reduce intestinal permeability. The PIC-induced decrease in intestinal permeability might prevent DON from damaging the intestinal barrier, suggesting that PIC may protect IPEC-J2 cells against DON-induced injury by enhancing the function of intestinal tight junction proteins.




4. Materials and Methods


4.1. Chemicals and Reagents


IPEC-J2 cells were a gift from the team of Professor Yulong Yin (Chinese Academy of Sciences, Institute of Subtropical Agriculture). Piceatannol (purity ≥ 99%, HY-132179, MCE), Cell Counting Kits (CCK-8) (K1018, APExBIO, Houston, TX, USA), EdU enhancement detection kits (C10310, RIBOBIO, Guangdong, China), and ROS detection reagent (S0033S, Beyotime, Shanghai, China) were used. High-glucose DMEM (C11995500BT, Gibco, Waltham, MA, USA), fetal bovine serum (FBS, C04001, VivaCell, Shanghai, China), and penicillin and streptomycin (03-031-1BCS, BI, Beit HaEmek, Israel) were used. DON (99% purity) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich. (St. Louis, MO, USA).




4.2. Cell Culture


IPEC-J2 cells were grown in high-glucose DMEM containing 10% FBS, 1% penicillin, and streptomycin. When the cells reached 90% confluence, they were passaged.




4.3. Cell Treatment


DON was solubilized in DMSO to a concentration of 1 mg/mL. The solution was diluted in the medium indicated for the experiment (0.25, 0.5, 0.75, 1, 1.5, 2 μg/mL). Similarly, PIC was dissolved in DMSO to a concentration of 100 mM and diluted in medium (25, 50, 100, 200 µM) for subsequent experiments. IPEC-J2 cells were treated with different concentrations of PIC and DON for 24 h. Equal amounts of DMSO were added to each test condition.




4.4. Cell Viability and Cell Morphology


Cell viability was determined according to the manufacturer’s instructions. Cells were inoculated at 1 × 104 per well into 96-well plates and incubated for 12 h. The medium was discarded, and the cells were incubated with DON at the indicated concentrations for 24 h. PIC was added and incubated for 24, 48, and 72 h. The cells were then placed in a fresh medium containing 10% FBS. A 10% CCK8 solution was added to each well, and the cells were incubated at 37 °C for 2 h. The absorbance of each well was measured at 450 nm using a Bio-Tek microplate reader (SynergyH4, Winooski, VT, USA), and then cell viability was calculated. Cells were seeded in 6-well plates and treated with DON and PIC before cell morphology was observed with an inverted fluorescence microscope (Ti-2, Tokyo, Japan).




4.5. Cell Proliferation Assay


The cells were divided into 4 groups: the control group (0.1% DMSO), the PIC group, the DON group, and the PIC+DON group. The control group was treated with a normal medium containing 10% FBS, the PIC group was treated with 100 µM PIC for 24 h, the DON group was treated with 0.5 μg/mL DON for 24 h, and the PIC+DON group was preincubated with 100 µM PIC for 24 h and then treated with 0.5 μg/mL DON for another 24 h. Then, cell proliferation was examined using the Cell-Light EdU kit (RiboBio, Guangzhou, China), and cellular staining was observed under a Nikon microscope (Ti-S, Tokyo, Japan). Three microscopic fields were randomly selected per well for observation. Proliferating cells showed red fluorescence, and nuclei showed blue fluorescence. Cell proliferation was assessed by calculating the number of EdU-positive cells (red nuclei) as a percentage of the total number of cells (blue nuclei).




4.6. Intracellular ROS Assay


According to the manufacturer’s guidelines, ROS levels in cells were detected using ROS detection kits (Beyotime, Shanghai, China). After the 4 groups of cells were treated in a six-well plate, the cell culture medium was discarded, and each group of cells was collected using trypsin. Then, the cells were counted and adjusted to the same cell density with PBS, incubated with 10 μM DCDF-DA at 37 °C for 2 h, and washed three times with PBS. The same volume (100 μL) of cell suspension was used for imaging. Images were obtained using a Nikon microscope (Ti-S, Tokyo, Japan). Intracellular ROS levels were quantified by determining the mean fluorescence intensity and were analyzed using ImageJ software (Version 1.8.0 112, National Institutes of Health, Bethesda, MD, USA).




4.7. Quantitative Real-Time PCR


After the four groups of cells were treated in six-well plates, total RNA was extracted with an RNA extraction kit (RN001, ES Science, Shanghai, China) according to the manufacturer’s instructions. Then, total RNA was reverse transcribed to cDNA using HifairIII 1st-Strand cDNA Synthesis SuperMix for qPCR (11141ES60, Shanghai Ye Sheng Biotechnology Co., Ltd., Shanghai, China). SYBR Green Master Mix (11202ES08, Yeasun, Shanghai, China) was used to perform fluorescence quantitative PCR. To standardize the results, β-Actin was chosen as the internal reference gene, and the expression levels of the target genes were calculated using the 2−ΔΔCT method. The primers used are shown in Table 1, and the primers (antioxidant genes) are shown in Table S1.




4.8. Western Blotting


After the cells were processed in six-well plates, 200 µL of RIPA lysis buffer containing protease inhibitors (CWBIO, Taizhou, China) and phosphatase inhibitors (CWBIO) was added to each well and placed on a 4 °C shaker for 20 min, after which the cells were scraped using a cell scraper and collected into a 1.5 mL centrifuge tube. The cells were then centrifuged at 12,000× g for 15 min at 4 °C, and the supernatant was collected and quantified using the BCA method. The protein samples were separated by 10% SDS–PAGE and then transferred to a PVDF membrane. After being blocked in 5% skim milk powder dissolved in TBST for 2 h, the membrane was incubated overnight with primary antibodies on a 4 °C shaking bed. After being washed three times with TBST, the membrane was incubated with secondary antibodies on a room temperature shaking bed for 2 h and then washed three times with TBST. The bands were visualized on a Bio-Rad instrument (Hercules, CA, USA) using an NcmECL Ultra kit (P10200, NCM, Suzhou, China), and finally, the gray values of the bands were analyzed by ImageJ software. Primary antibodies against NQO1, GCLM (glutamate-cysteine ligase regulatory subunit), IL-1β, NF-κB (p65), and p-NF-κB (p-p65) were obtained from ABclonal Technology Co., Ltd. (Woburn, MA, USA). ZO-1 was obtained from Bioss (Woburn, MA, USA), Occludin was obtained from Cell Signaling Technology (Danvers, MA, USA), and β-Actin was obtained from Santa Cruz (Dallas, TX, USA), and they were used at a dilution of 1:1000. HRP-coupled secondary antibodies were used at a dilution of 1:10,000.




4.9. Statistical Analysis


All the tests were performed with at least three replicates. The results are presented as the mean ± SEM. The data were statistically analyzed using one-way ANOVA with the least significant difference (LSD) or Duncan’s test by SPSS software (Version 20.0, SPSS Inc., Chicago, IL, USA), and the homogeneity of variance and the normal distribution of variables were accordingly detected by Levene’s test and the Kolmogorov–Smirnov test. Graphs were generated using Graph Pad Prism 8. p < 0.05 was regarded as statistically significant.





5. Conclusions


In conclusion, our findings indicated that PIC could promote IPEC-J2 cell proliferation; moreover, PIC alleviated the DON-induced decrease in cell viability and improved the morphological changes in cells induced by DON. PIC also reduced intracellular oxidative damage by upregulating the levels of intracellular antioxidant proteins (NQO1, GCLM) and antioxidant genes (CAT, SOD1, PRX3, GSTα4). In addition, we found that PIC inhibited the NF-κB pathway to reduce the mRNA levels of the inflammatory factors IL-6 and IL-1β and IL-1β protein expression, thereby attenuating the inflammatory response in cells. The improvement in intestinal barrier function in cells demonstrated that PIC prevented the aberrant expression of relevant tight junction proteins, suggesting that intestinal barrier function was another critical target by which PIC could mitigate the toxicity of DON. The present study reveals a new way to protect against DON-induced toxicity in vitro and provides new insights to explore the role and mechanism of PIC as an alternative substance to alleviate DON damage.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules29040855/s1, Figure S1: The effect of PIC on the expression of antioxidant genes in DON-treated IPEC-J2 cells, Table S1: Primers used for quantitative real-time PCR (antioxidant genes).





Author Contributions


Conceptualization, M.Z. and Y.-Y.Z.; methodology, M.Z. and E.X.; software, E.X.; validation, E.-Q.L., Y.-X.F., G.-W.L., Y.-J.C. and K.H.; formal analysis, E.-Q.L., Y.-X.F., G.-W.L., Y.-J.C. and K.H.; investigation, E.-Q.L., Y.-X.F., G.-W.L., Y.-J.C. and K.H.; data curation, M.Z.; writing—original draft preparation, E.-Q.L.; writing—review and editing, M.Z., E.X., Y.-Y.Z. and X.-J.W.; visualization, M.Z.; supervision, Y.-Y.Z.; project administration, M.Z.; funding acquisition, M.Z. and Y.-Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (32202710), the Guizhou Provincial Basic Research Program (Natural Science) (Qiankehe foundation-ZK [2022] General 159), the Guizhou Provincial Key Technology R&D Program (QKHZC-2021-General 147), the National Guidance Foundation for Local Science and Technology Development of China (2023-009), the Natural Science Special Research Fund of Guizhou University (Gui Da Te Gang He Zi [2020] 24), and the Foundation of Key Laboratory of Animal Genetics, Breeding and Reproduction in The Plateau Mountainous Region, Ministry of Education, Guizhou University (QJH-KY [2020] 257).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be made available upon request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Liao, Y.; Peng, Z.; Chen, L.; Nussler, A.K.; Liu, L.; Yang, W. Deoxynivalenol, gut microbiota and immunotoxicity: A potential approach? Food Chem. Toxicol. 2018, 112, 342–354. [Google Scholar] [CrossRef]

	



Pestka, J.J. Deoxynivalenol: Mechanisms of action, human exposure, and toxicological relevance. Arch. Toxicol. 2010, 84, 663–679. [Google Scholar] [CrossRef]

	



Dll, S.; Dnicke, S.; Valenta, H. Residues of deoxynivalenol (don) in pig tissue after feeding mash or pellet diets containing low concentrations. Mol. Nutr. Food Res. 2010, 52, 727–734. [Google Scholar] [CrossRef]

	



Ostry, V.; Malir, F.; Toman, J.; Grosse, Y. Mycotoxins as human carcinogens—The IARC monographs classification. Mycotoxin Res. 2017, 33, 65–73. [Google Scholar] [CrossRef] [PubMed]

	



Hooft, J.M.; Bureau, D.P. Deoxynivalenol: Mechanisms of action and its effects on various terrestrial and aquatic species. Food Chem. Toxicol. 2021, 157, 112616. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Z.; Deng, H.; Deng, Y.; Liang, Z.; Deng, J.; Zuo, Z.; Hu, Y.; Shen, L.; Yu, S.; Cao, S. Combined effects of deoxynivalenol and zearalenone on oxidative injury and apoptosis in porcine splenic lymphocytes in vitro. Exp. Toxicol. Pathol. 2017, 69, 612–617. [Google Scholar] [CrossRef] [PubMed]

	



Kang, R.; Li, R.; Dai, P.; Li, Z.; Li, Y.; Li, C. Deoxynivalenol induced apoptosis and inflammation of IPEC-J2 cells by promoting ROS production. Environ. Pollut. 2019, 251, 689–698. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Long, M. The biological detoxification of deoxynivalenol: A review. Food Chem. Toxicol. 2020, 145, 111649. [Google Scholar] [CrossRef] [PubMed]

	



Savard, C.; Pinilla, V.; Provost, C.; Segura, M.; Gagnon, C.A.; Chorfi, Y. In vitro effect of deoxynivalenol (DON) mycotoxin on porcine reproductive and respiratory syndrome virus replication. Food Chem. Toxicol. 2014, 65, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Groschwitz, K.R.; Hogan, S.P. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol. 2009, 124, 3–20. [Google Scholar] [CrossRef]

	



Pinton, P.; Tsybulskyy, D.; Lucioli, J.; Laffitte, J.; Callu, P.; Lyazhri, F.; Grosjean, F.; Bracarense, A.P.; Kolf-Clauw, M.; Oswald, I.P. Toxicity of deoxynivalenol and its acetylated derivatives on the intestine: Differential effects on morphology, barrier function, tight junction proteins, and mitogen-activated protein kinases. Toxicol. Sci. 2012, 130, 180–190. [Google Scholar] [CrossRef]

	



Brosnahan, A.J.; Brown, D.R. Porcine IPEC-J2 intestinal epithelial cells in microbiological investigations. Vet. Microbiol. 2012, 156, 229–237. [Google Scholar] [CrossRef]

	



Xia, M.; Ye, L.; Hou, Q.; Yu, Q. Effects of arginine on intestinal epithelial cell integrity and nutrient uptake. Br. J. Nutr. 2016, 14, 1675–1681. [Google Scholar] [CrossRef]

	



Yang, J.W.; Tian, G.; Chen, D.W.; Yao, Y.; He, J.; Zheng, P.; Mao, X.B.; Yu, J.; Huang, Z.Q.; Yu, B. Involvement of PKA signalling in anti-inflammatory effects of chitosan oligosaccharides in IPEC-J2 porcine epithelial cells. J. Anim. Physiol. Anim. Nutr. 2018, 102, 252–259. [Google Scholar] [CrossRef]

	



Wang, S.; Yang, J.; Zhang, B.; Wu, K.; Yang, A.; Li, C.; Zhang, J.; Zhang, C.; Rajput, S.; Zhang, N.; et al. Deoxynivalenol Impairs Porcine Intestinal Host Defense Peptide Expression in Weaned Piglets and IPEC-J2 Cells. Toxins 2018, 10, 541. [Google Scholar] [CrossRef]

	



Liao, P.; Liao, M.; Li, L.; Tan, B.; Yin, Y. Effect of deoxynivalenol on apoptosis, barrier function, and expression levels of genes involved in nutrient transport, mitochondrial biogenesis and function in IPEC-J2 cells. Toxicol. Res. 2017, 6, 866–877. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, Y.; Sugiyama, K.; Kamei, M.; Takahashi, T.; Suzuki, T.; Katagata, Y.; Ito, T. Extract of passion fruit (Passiflora edulis) seed containing high amounts of piceatannol inhibits melanogenesis and promotes collagen synthesis. J. Agric. Food Chem. 2010, 58, 11112–11118. [Google Scholar] [CrossRef] [PubMed]

	



Piotrowska, H.; Kucinska, M.; Murias, M. Biological activity of piceatannol: Leaving the shadow of resveratrol. Mutat. Res. 2012, 750, 60–82. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Yang, R.; Yao, H.; Wu, Y.; Pan, W.; Jia, A.Q. Inhibiting the formation of advanced glycation end-products by three stilbenes and the identification of their adducts. Food Chem. 2019, 295, 10–15. [Google Scholar] [CrossRef] [PubMed]

	



Moon, I.; Damodar, K.; Kim, J.; Ryoo, S.; Jun, J. Synthesis, Anti-inflammatory, and Arginase Inhibitory Activity of Piceatannol and Its Analogs. Bull. Kor. Chem. Soc. 2017, 38, 342–349. [Google Scholar] [CrossRef]

	



Fu, Z.; Yang, J.; Wei, Y.; Li, J. Effects of piceatannol and pterostilbene against beta-amyloid-induced apoptosis on the PI3K/Akt/Bad signaling pathway in PC12 cells. Food Funct. 2016, 7, 1014–1023. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Yang, P.; Chang, Q.; Wang, J.; Liu, J.; Lv, Y.; Wang, T.; Gao, B.; Zhang, Y.; Yu, L.L. Inhibitory Effect of Piceatannol on TNF-alpha-Mediated Inflammation and Insulin Resistance in 3T3-L1 Adipocytes. J. Agric. Food Chem. 2017, 65, 4634–4641. [Google Scholar] [CrossRef] [PubMed]

	



Djoko, B.; Chiou, R.Y.; Shee, J.J.; Liu, Y.W. Characterization of immunological activities of peanut stilbenoids, arachidin-1, piceatannol, and resveratrol on lipopolysaccharide-induced inflammation of RAW 264.7 macrophages. J. Agric. Food Chem. 2007, 55, 2376–2383. [Google Scholar] [CrossRef] [PubMed]

	



Lu, B.; Sun, T.; Li, W.; Sun, X.; Yao, X.; Sun, X. Piceatannol protects ARPE-19 cells against vitamin A dimer-mediated photo-oxidative damage through activation of Nrf2/NQO1 signalling. J. Funct. Foods 2016, 26, 739–749. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, L.H.; Chen, X.; Zhang, N.; Li, G. Piceatannol attenuates behavioral disorder and neurological deficits in aging mice via activating the Nrf2 pathway. Food Funct. 2018, 9, 371–378. [Google Scholar] [CrossRef] [PubMed]

	



Ghareeb, K.; Awad, W.A.; Bohm, J.; Zebeli, Q. Impacts of the feed contaminant deoxynivalenol on the intestine of monogastric animals: Poultry and swine. J. Appl. Toxicol. 2015, 35, 327–337. [Google Scholar] [CrossRef]

	



Danicke, S.; Valenta, H.; Doll, S. On the toxicokinetics and the metabolism of deoxynivalenol (DON) in the pig. Arch. Anim. Nutr. 2004, 58, 169–180. [Google Scholar] [CrossRef]

	



Bracarense, A.P.; Lucioli, J.; Grenier, B.; Drociunas, P.G.; Moll, W.D.; Schatzmayr, G.; Oswald, I.P. Chronic ingestion of deoxynivalenol and fumonisin, alone or in interaction, induces morphological and immunological changes in the intestine of piglets. Br. J. Nutr. 2012, 107, 1776–1786. [Google Scholar] [CrossRef]

	



Li, R.; Li, Y.; Su, Y.; Shen, D.; Dai, P.; Li, C. Short-term ingestion of deoxynivalenol in naturally contaminated feed alters piglet performance and gut hormone secretion. Anim. Sci. J. 2018, 89, 1134–1143. [Google Scholar] [CrossRef]

	



Xu, X.; Chang, J.; Wang, P.; Yin, Q.; Liu, C.; Li, M.; Song, A.; Zhu, Q.; Lu, F. Effect of chlorogenic acid on alleviating inflammation and apoptosis of IPEC-J2 cells induced by deoxyniyalenol. Ecotoxicol. Environ. Saf. 2020, 205, 111376. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, J.; Yu, R.; Zhou, Q.; Liu, P.; Liu, Z.; Bian, Y. Naringenin prevents TNF-alpha-induced gut-vascular barrier disruption associated with inhibiting the NF-kappaB-mediated MLCK/p-MLC and NLRP3 pathways. Food Funct. 2021, 12, 2715–2725. [Google Scholar] [CrossRef]

	



Fan, J.; Li, B.R.; Zhang, Q.; Zhao, X.H.; Wang, L. Pretreatment of IEC-6 cells with quercetin and myricetin resists the indomethacin-induced barrier dysfunction via attenuating the calcium-mediated JNK/Src activation. Food Chem. Toxicol. 2021, 147, 111896. [Google Scholar] [CrossRef]

	



Tian, Y.; Che, H.; Yang, J.; Jin, Y.; Yu, H.; Wang, C.; Fu, Y.; Li, N.; Zhang, J. Astaxanthin Alleviates Aflatoxin B1-Induced Oxidative Stress and Apoptosis in IPEC-J2 Cells via the Nrf2 Signaling Pathway. Toxins 2023, 15, 232. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhu, C.; Ye, J.; Lv, Y.; Wang, L.; Chen, Z.; Jiang, Z. Protection of Porcine Intestinal-Epithelial Cells from Deoxynivalenol-Induced Damage by Resveratrol via the Nrf2 Signaling Pathway. J. Agric. Food Chem. 2019, 67, 1726–1735. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Shi, Y.; Wang, X.; Li, P.; Zhang, S.; Wu, T.; Yan, Y.; Zhan, Y.; Ren, Y.; Rong, X.; et al. Piceatannol alleviates inflammation and oxidative stress via modulation of the Nrf2/HO-1 and NF-kappaB pathways in diabetic cardiomyopathy. Chem. Biol. Interact. 2019, 310, 108754. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Y.; Liu, J.; Wang, Z.; Yu, L.L.; Wang, J. Piceatannol Protects Human Retinal Pigment Epithelial Cells against Hydrogen Peroxide Induced Oxidative Stress and Apoptosis through Modulating PI3K/Akt Signaling Pathway. Nutrients 2019, 11, 1515. [Google Scholar] [CrossRef] [PubMed]

	



Herring, T.A.; Cuppett, S.L.; Zempleni, J. Genomic implications of H2O2 for cell proliferation and growth of Caco-2 cells. Dig. Dis. Sci. 2007, 52, 3005–3015. [Google Scholar] [CrossRef] [PubMed]

	



Vergauwen, H.; Tambuyzer, B.; Jennes, K.; Degroote, J.; Wang, W.; De Smet, S.; Michiels, J.; Van Ginneken, C. Trolox and Ascorbic Acid Reduce Direct and Indirect Oxidative Stress in the IPEC-J2 Cells, an In Vitro Model for the Porcine Gastrointestinal Tract. PLoS ONE 2015, 10, e0120485. [Google Scholar] [CrossRef] [PubMed]

	



Nathan, C.; Cunningham-Bussel, A. Beyond oxidative stress: An immunologist’s guide to reactive oxygen species. Nat. Rev. Immunol. 2013, 13, 349–361. [Google Scholar] [CrossRef] [PubMed]

	



Tang, Y.; Li, J.; Li, F.; Hu, C.A.; Liao, P.; Tan, K.; Tan, B.; Xiong, X.; Liu, G.; Li, T.; et al. Autophagy protects intestinal epithelial cells against deoxynivalenol toxicity by alleviating oxidative stress via IKK signaling pathway. Free Radic. Biol. Med. 2015, 89, 944–951. [Google Scholar] [CrossRef]

	



Jyrkkänen, H.K.; Kansanen, E.; Inkala, M.; Kivelä, A.M.; Hurttila, H.; Heinonen, S.E.; Goldsteins, G.; Jauhiainen, S.; Tiaiene, S.; Makkonen, H.; et al. Nrf2 regulates antioxidant gene expression evoked by oxidized phospholipids in endothelial cells and murine arteries in vivo. Circ. Res. 2008, 103, e1–e9. [Google Scholar] [CrossRef]

	



Kouam, A.F.; Yuan, F.; Njayou, F.N.; He, H.T.; Tsayem, R.F.; Oladejo, B.O.; Song, F.H.; Moundipa, P.F.; Gao, G.F. Induction of mkp-1 and nuclear translocation of nrf2 by limonoids from khaya grandifoliola c.dc protect l-02 hepatocytes against acetaminophen-induced hepatotoxicity. Front. Pharmacol. 2017, 8, 653. [Google Scholar] [CrossRef]

	



Hanschmann, E.M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and peroxiredoxins—Molecular mechanisms and health significance: From cofactors to antioxidants to redox signaling. Antioxid. Redox Signal. 2013, 19, 1539–1605. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C. Therapeutic modulation of virus-induced oxidative stress via the nrf2-dependent antioxidative pathway. Oxid. Med. Cell. Longev. 2018, 2018, 6208067. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Wang, R.; Yin, Z.; Sun, J.; Wang, B.; Zhao, D.; Zeng, X.A.; Li, H.; Huang, M.; Sun, B. Optimization of Jiuzao protein hydrolysis conditions and antioxidant activity in vivo of Jiuzao tetrapeptide Asp-Arg-Glu-Leu by elevating the Nrf2/Keap1-p38/PI3K-MafK signaling pathway. Food Funct. 2021, 12, 4808–4824. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Z.; Yang, M.; Liang, Z.; Yang, C.; Kong, X.; Wu, Y.; Wang, S.; Fan, H.; Ning, C.; Xiao, W.; et al. PI3K/AKT/mTOR, NF-κB and ERS pathway participated in the attenuation of H2O2-induced IPEC-J2 cell injury by koumine. J. Ethnopharmacol. 2023, 304, 116028. [Google Scholar] [CrossRef]

	



Meng, X.; Yu, W.; Duan, N.; Wang, Z.; Shen, Y.; Wu, S. Protective Effects of Ferulic Acid on Deoxynivalenol-Induced Toxicity in IPEC-J2 Cells. Toxins 2022, 14, 275. [Google Scholar] [CrossRef] [PubMed]

	



Ashida, H.; Ogawa, M.; Kim, M.; Mimuro, H.; Sasakawa, C. Bacteria and host interactions in the gut epithelial barrier. Nat. Chem. Biol. 2012, 8, 36–45. [Google Scholar] [CrossRef]

	



Grenier, B.; Applegate, T.J. Modulation of intestinal functions following mycotoxin ingestion: Meta-analysis of published experiments in animals. Toxins 2013, 5, 396–430. [Google Scholar] [CrossRef]

	



Hu, C.H.; Xiao, K.; Luan, Z.S.; Song, J. Early weaning increases intestinal permeability, alters expression of cytokine and tight junction proteins, and activates mitogen-activated protein kinases in pigs. J. Anim. Sci. 2013, 91, 1094–1101. [Google Scholar] [CrossRef]








[image: Molecules 29 00855 g001] 





Figure 1. Effects of different concentrations of PIC on the viability of IPEC-J2 cells. Cell viability was determined at 24 h, 48 h, and 72 h (n = 6). The data are means ± SEMs. Note: ** means p < 0.01 and * means p < 0.05 compared with the control group (0 μM PIC). 
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Figure 2. PIC attenuated DON-induced cytotoxicity in IPEC-J2 cells. (A) Cells were treated with 0, 0.25, 0.5, 0.75, 1, 1.5, and 2 μg/mL DON for 24 h (n = 6). (B) Cells were pretreated for 24 h with PIC (0, 25, 50, 100, 200, and 400 μM) before being incubated with DON (0.5 μg/mL) for another 24 h. (C) Morphological observations of CON-, PIC-, DON-, and PIC + DON-treated IPEC-J2 cells (4× magnification). The data are means ± SEMs. Note: ** means p < 0.01 compared with the control group; ## means p < 0.01 compared with the DON alone group. “ns” means non-statistically significant. 
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Figure 3. Effects of PIC and DON on the proliferation of IPEC-J2 cells. Cells were pretreated with PIC (100 μM) for 24 h and then exposed to DON (0.5 μg/mL) for 24 h. EdU incorporation was used to measure cell proliferation (n = 6). (A) Images of EdU-positive cells (red nuclei) at 200× magnification. (B) Cell proliferation is presented as the percentage of cells (blue nuclei) that were EdU-positive (red nuclei). The data are means ± SEMs. Note: ** means p < 0.01 and * means p < 0.05 compared with the control group; ## means p < 0.01 and # means p < 0.05 compared with the DON-alone group. 
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Figure 4. PIC decreased DON-induced ROS generation in IPEC-J2 cells. Cells were pretreated with PIC (100 μM) for 24 h and then exposed to DON (0.5 μg/mL) for 24 h. (A) After being incubated with 2′, 7′-Dichlorofluorescin diacetate (DCFH-DA), the cells were examined with a fluorescence microscope (scale bar: 100 μm). (B) The fluorescence intensity of ROS in IPEC-J2 cells was analyzed by ImageJ software (Version 1.8.0 112, National Institutes of Health, Bethesda, MD, USA). The data are means ± SEMs. Note: ** means p < 0.01 and * means p < 0.05 compared with the control group; ## means p < 0.01 compared with the DON alone group. 
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Figure 5. The effect of PIC on the expression of antioxidant proteins in DON-treated IPEC-J2 cells. Cells were pretreated with PIC (100 μM) and then exposed to DON (0.5 μg/mL) for 24 h. (A) The expression levels of NQO1 and GCLM proteins were detected by Western blotting, and β-Actin served as an internal control. (B) The NQO1/β-Actin ratio. (C) The GCLM/β-Actin ratio. The data are means ± SEMs (n = 3). Note: ** means p < 0.01 and * means p < 0.05 compared with the control group; ## means p < 0.01, # means p < 0.05, compared with the DON-alone group. 
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Figure 6. The effect of PIC on DON-induced mRNA and protein expression of inflammatory factors in IPEC-J2 cells. Cells were pretreated with PIC (100 μM) and then exposed to DON (0.5 μg/mL) for 24 h. (A) The protein expression of p-p65 and p65 was detected by Western blotting. (B) The p-p65/p65 ratio. (C–E) The mRNA expression of IL-6, TNFα, and IL-1β. (F) The protein expression of IL-1β. (G) The IL-1β/β-Actin ratio. The data are means ± SEMs (n = 3). Note: ** means p < 0.01 and * means p < 0.05 compared with the control group; ## means p < 0.01 and # means p < 0.05 compared with the DON-alone group. 
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Figure 7. Effect of PIC on DON-induced changes in tight junction proteins in IPEC-J2 cells. Cells were pretreated with PIC (100 μM) and then exposed to DON (0.5 μg/mL) for 24 h. (A) The protein expression of ZO-1 and Occludin was detected by Western blotting, and β-Actin served as an internal control. (B) The ZO-1/β-Actin ratio. (C) The Occludin/β-Actin ratio. The data are means ± SEMs (n = 3). Note: ** means p < 0.01 compared with the control group; ## means p < 0.01 compared with the DON-alone group. 
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Table 1. Primer sequences of some genes for quantitative real-time PCR.
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	Genes
	Forward Primer (5′-3′)
	Reverse Primer (5′-3′)
	Product Size (bp)





	IL-6
	AGCAAGGAGGTACTGGCAGA
	GTGGTGGCTTTGTCTGGATT
	257



	TNFα
	ATGAGCACTGAGAGCATGATC
	CGATAACCTCGAAGTGCAGT
	169



	IL-1β
	GTTCTCTGAGAAATGGGAGC
	CTGGTCATCATCACAGAAGG
	143



	β-Actin
	TGCGGGACATCAAGGAGAAG
	AGTTGAAGGTAGTTTCGTGG
	216
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