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Abstract

:

Piglet diarrhea caused by Clostridium perfringens (C. perfringens) type C (CpC) seriously endangers the development of the pig production industry. C. perfringens beta2 (CPB2) toxin is a virulent toxin produced by CpC. Long non-coding RNAs (lncRNAs) are key regulators in the immune inflammatory response to bacterial infection. Nevertheless, the functional mechanism of lncRNAs in bacterial piglet diarrhea is unclear. Herein, a novel lncRNA lnc001776 expression was confirmed to be substantially elevated in the ileum tissue of CpC-infected diarrhea piglets and in CPB2 toxin-treated porcine small intestinal epithelial cells (IPEC-J2). lnc001776 knockdown restrained CPB2 toxin-induced apoptosis, inflammatory injury, barrier dysfunction and activation of JNK/NF-kB pathway in IPEC-J2 cells. Additionally, ssc-let-7i-5p was identified as sponge for lnc001776. Overexpression of ssc-let-7i-5p repressed CPB2-induced injury in IPEC-J2 cells. Interleukin 6 (IL-6), a target gene of ssc-let-7i-5p, was enhanced in CPB2 toxin-treated IPEC-J2 cells. Rescue experiments demonstrated that a ssc-let-7i-5p mimic reversed the effect of lnc001776 overexpression on CPB2 toxin-induced IPEC-J2 cell injury and JNK/NF-kB pathway, whereas IL-6 overexpression partially restored the impact of lnc001776. Overall, lnc001776 overexpression exacerbated CPB2 toxin-induced IPEC-J2 cell damage by sponging ssc-let-7i-5p to regulate IL-6 to activate JNK/NF-kB pathway, indicating that lnc001776 could be a key target for piglet resistance to CpC-induced diarrhea.
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1. Introduction


Piglet diarrhea is a typical disease in large-scale pig farms and a crucial cause of piglet death. It seriously affects the economic efficiency and development of pig farming. Piglet diarrhea is mainly caused by bacteria (Salmonella, Escherichia coli and Clostridium perfringens (C. perfringens)), viruses (Porcine Epizootic Diarrhea Virus (PEDV), Porcine Deltacoronavirus (PDCoV) and Porcine rotavirus (PoRV)) and parasites [1,2,3,4,5,6].



C. perfringens is a common pathogenic bacterium in nature, widely distributed in the intestinal tract of humans and animals. It can result in a diverse range of diseases, such as gas gangrene, necrotizing enterocolitis, animal enterotoxemia and human acute gastroenteritis [7]. The pathogenicity of C. perfringens is closely related to its secretion of more than 20 exotoxins, and different toxin types cause different diseases [8]. C. perfringens is classified into seven types (A–G), based on the six main toxins produced [9]. Among them, C. perfringens type C (CpC) causes necrotizing enterocolitis and enterotoxemia in lambs, calves and foals, especially in piglets [10]. Meanwhile, studies showed that CpC causes severe piglet diarrhea [3]. CpC produces two main types of exotoxins, α (CPA) and β (CPB), and C. perfringens beta2 (CPB2) exotoxin has been proven to be the main pathogenic toxin of CpC [11]. CPB2 toxin was isolated from piglets with CpC-infected necrotizing enteritis [12]. Previous studies indicated that CPB2 toxin had toxic effects on some intestinal cells [13]. Our studies found that recombinant CPB2 toxin caused inflammatory injury and apoptosis of IPEC-J2 cells and disrupted cell barrier function [14,15]. Therefore, studying the damaging impact of CPB2 toxin on IPEC-J2 cells may lay the foundation for the pathogenesis of CpC-infected piglet diarrhea.



Long non-coding RNAs (lncRNAs) are non-coding RNAs with more than 200 nucleotides in length [16]. lncRNAs are transcribed by RNA polymerase II and undergo 5′ splicing, capping and tailing to form a structure similar to that of classical mRNA, but with lower protein-coding capacity, higher tissue specificity and lower expression level than mRNA [17,18,19]. Prior studies have pointed out that lncRNAs have essential parts in diverse biological processes, including gene splicing, maintenance of stem cell properties, autophagy, cell proliferation, apoptosis and differentiation [20,21,22,23,24]. Furthermore, lncRNAs are closely associated with intestinal diseases caused by pathogenic microorganisms in livestock and poultry. Zhang et al. [25] found that lnc012227 bound to let-7g-5p, thereby indirectly regulating the expression mitogen-activated protein kinase kinase kinase 8 (MAP3K8) to regulate the infection of ducks against Salmonella Enterica. Wu et al. [2] demonstrated that lncRNA TCONS_00183659 was elevated in Escherichia coli F18-resistant piglets and bound to histone HistoneH4 to regulate myxovirus (influenza virus) resistance 1 (Mx1), Mx2 and interferon-induced protein with tetratricopeptide repeats 2 (IFIT2) protein expression to enhance the resistance of weaned piglets to Escherichia coli F18 infection. Chen et al. [26] identified TCONS_00223467 and TCONS_00241897 as candidate lncRNAs that participated in intestinal immunity between Escherichia coli F17 resistant and susceptible lambs. However, the role and potential mechanism of lncRNAs in CpC, causing piglet diarrhea, is unclear.



miRNAs are involved in a multitude of biological processes, mainly by repression of mRNA translation or enhancing its fragmentation [27]. Let-7 was found in Caenorhabditis elegans and is highly conserved and broadly expressed in the species, and is a very important gene regulator [28]. Let-7i-5p, a member of the let-7 family, has been found to play an essential role in cell proliferation, migration and invasion [29,30]. Additionally, let-7i-5p is associated with inflammatory damage processes and barrier function. For instance, Xiao et al. [31] found that let-7i-5p expression was markedly decreased in cycling exosomes and rostral ventrolateral medulla (RVLM), and that let-7i-5p attenuated the inflammatory response in pheochromocytoma cells (PC12). Harrington et al. [32] indicated that let-7i-5p was a carrier of endothelium-derived extracellular vesicles and was protective of the LPS-treated lung endothelial cell barrier. However, the potential mechanism of let-7i-5p in CpC-infected piglet diarrhea and intestinal inflammation needs further investigation.



In this study, we discovered that lnc001776 was up-regulated in the ileum tissue of CpC-infected diarrheic piglets, and its expression was elevated in CPB2 toxin-treated porcine small intestinal epithelial cells (IPEC-J2). lnc001776 knockdown ameliorated CPB2 toxin-induced apoptosis, inflammatory injury, barrier dysfunction and activation of JNK/NF-kB pathway in IPEC-J2 cells. Furthermore, lnc001776 promoted interleukin 6 (IL-6) expression through adsorption of ssc-let-7i-5p, thereby exacerbating CPB2 toxin-induced IPEC-J2 cell injury via JNK/NF-kB signaling pathway. This study suggests that lnc001776 could be a key regulatory molecule in the process of CpC infection in piglets.




2. Materials and Methods


2.1. Experimental Animal Handling and Sample Collection


In our previous study, 7-day-old Landrace × Yorkshire boars were instilled with a CpC culture (1 × 109 CFU/mL) and control piglets (IC) were instilled with the same dose of culture, without the inoculated strain, to establish an animal model [33,34]. The top 5 piglets with the highest total diarrhea score were selected as the susceptible group (IS) and the top 5 with the lowest score were selected as the resistant group (IR). Ileum, jejunum, duodenum, lymph, spleen, kidney, liver, stomach, lung and heart tissues were collected from piglets in each group, quickly placed in liquid nitrogen and stored at −70 °C back in the laboratory. All animal experiments were guided by the Ethics Committee of the Experimental Animal Center of Gansu Agricultural University (Approval No. 2006-398).




2.2. Cell Lines Culture


The IPEC-J2 cells and human embryonic kidney 293T cells (HEK-293T) were available from BeNa Culture Collection (Beijing, China), cultured in dulbecco’s modified eagle medium (DMEM; HyClone, Logan, UT, USA) and supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Hyclone) at 37 °C, with 5% CO2 in a humidified atmosphere.




2.3. 5′ and 3′ Rapid Amplification of cDNA Ends (RACE)


The SMARTer® RACE 5′/3′ Kit (TaKaRa, Dalian, China) was used to obtain the full-length sequence of lnc001776. The RNA was reverse transcribed to cDNA, as per the directions, and then 5′ and 3′ PCR amplification was carried out, respectively. The amplified products were recovered and purified and then ligated into the pMD19-T vector. Finally, sequencing was performed at Biotech Bioengineering Co., Ltd. (Shanghai, China). The primers were shown in Table S1.




2.4. Cytoplasmic and Nuclear RNA Fractionation Assay


The position of lnc001776 in the cytoplasm and nucleus in IPEC-J2 cells was detected by PARIS™ Kit (Invitrogen, Carlsbad, CA, USA). The 1 × 107 IPEC-J2 cells were collected and separation experiments were performed, following the manufacturer’s specifications. A total of 500 μL pre-cooled Cell Fractionation Buffer reagent was added into cells, incubated on ice for 10 min and centrifuged at 1000 rpm at 4 °C for 5 min. Cytoplasmic RNA was present in the supernatant, and nuclear RNA was present in the precipitate. Supernatant was transferred to a new sterile centrifuge tube, 400 μL of pre-warmed 2 × Lysis/Binding Solution reagent was added, then 400 μL of anhydrous ethanol was added, centrifuged at 8000 rpm for 1 min and the filtrate discarded. Subsequently, 500 μL of Wash Solution 2/3 reagent was added and centrifugated at 4 °C for 1 min at 8000 rpm. Finally, 40 μL of pre-warmed Elution Solution reagent was added and centrifuged at 4 °C for 30 s at 8000 rpm, and the filtrate was retained for cytoplasmic RNA. The process of nuclear RNA extraction is the same as cytoplasmic RNA. The successfully separated cytoplasm and nucleus RNA were stored at −70 °C.




2.5. RNA-Fluorescence In Situ Hybridization (FISH) Assay


The subcellular localization of lnc001776 in IPEC-J2 cells was analyzed using a FISH kit (GenePharma, Shanghai, China). IPEC-J2 cells were placed in 24-well plates and the medium was discarded after the cells were plastered. Cells were fixed with 4% paraformaldehyde for 15 min. The following steps were then followed to perform the test: (a) Cells were treated with 200 μL of 0.1% Buffer A (PBS: Buffer A = 999:1) for 15 min. (b) Cells were incubated with 200 μL of 2 × Buffer C (ddH2O: 20 × Buffer C = 10:1) for 30 min at 37 °C. (c) lnc001776 probe mixture (Buffer E: lnc001776 probe = 100:1) was denatured at 73 °C for 5 min. (d) 100 μL of probe mixture was added to cells and hybridized overnight at 37 °C in an incubator. (e) The next day, cells were washed with 200 μL of 0.1% Buffer F (ddH2O: 20 × Buffer C: Buffer F = 750:150:1) and 200 μL of 2 × Buffer C for 5 min. (f) Cells were stained with DAPI solution and viewed with a fluorescence microscope (Olympus IX71, Tokyo, Japan).




2.6. Overexpression Plasmid Construction and Small Interfering RNA Synthesis


The sequences lnc001776 and IL-6 (NM_001252429.1) CDS were amplified by PCR, employing specific primers containing restriction endonuclease sites of Nhe I and Xho I (TaKaRa). After PCR products were recovered and purified, they were cloned into pcDNA3.1(+) (Promega, Madison, WI, USA) vector to construct lnc001776 and IL-6 overexpression plasmids. The successful overexpression vector was identified by sequencing and double digestion and named pc-lnc001776 and pc-IL-6. lnc001776 siRNA was designed by GenePharma Co., Ltd. lnc001776 siRNA and negative control (NC) sequences are summarized in Table S2.




2.7. Cell Transfection and CPB2 Toxin Infection


Our previous studies have described the process of CPB2 toxin purification and determined that 20 μg/mL of CPB2 toxin resulted in a 50% reduction in IPEC-J2 cell viability [14,15]. Therefore, in this study, we constructed a cell model by infecting IPEC-J2 cells with 20 μg/mL of CPB2 toxin.



pc-lnc001776, lnc001776 siRNA, ssc-let-7i-5p mimic, inhibitor, pc-IL-6 and their respective NCs were transfected into IPEC-J2 cells, exposed with CPB2-toxin, via Lipofectamine™2000 reagent (Invitrogen). The ssc-let-7i-5p mimic, inhibitor and their NCs sequences were generated by GenePharma Co., Ltd., and the sequences are presented in Table S2.




2.8. RNA Extraction and RT-qPCR


Total RNA was derived from IPEC-J2 cells and tissues via TRIzol reagent (Leagene, Beijing, China). RNA was reverse transcripted into complementary DNA (cDNA) by reverse transcription kits (Accurate Biotech, Changsha, China). Fast qPCR Mix (Meridian, Beijing, China) was used for RT-qPCR. The primers were composed by GENEWIZ Co., Ltd. (Suzhou, China). β-actin was thought as an inner reference. The gene levels were calculated through the 2–(ΔΔCt) method [35]. The specific information on primers is summarized in Table S3.




2.9. Cell Viability Assay


Cell viability was estimated using the Cell Counting Kit-8 (CCK-8; absin, Shanghai, China). The IPEC-J2 cells at the logarithmic stage were placed in 96-well plates for transfection and CPB2 toxin treatment. After 24 h, 10 μL of CCK-8 reagent was added per well and fostered for 2 h. The absorbance was read at 450 nm through a multifunctional enzyme marker (Molecular Devices, Silicon Valley, CA, USA).




2.10. Proliferation Assay


5-ethynyl-2’-deoxyuridine (EdU) staining was performed to detect cell proliferation. Transfected and CPB2 toxin-treated IPEC-J2 cells were incubated with EdU working solution for 2 h at 37 °C. Subsequently, 200 μL of fixative solution was added per well, fixed at room temperature for 15 min and then stained, as described in the specifications of the EdU proliferation kit (Beyotime, Shanghai, China). Finally, the red proliferating cells were viewed under an inverted fluorescence microscope (Olympus IX71).




2.11. Apoptosis Analysis


Hoechst 33258 staining (Solarbio, Beijing, China) was administered to measure the apoptosis of IPEC-J2 cells. After treatment, 200 μL of Hoechst 33258 staining solution was added to each well of cells and left at room temperature for 5 min. The Hoechst 33258 staining solution was then aspirated and washed 3 times with PBS for 5 min each time. Then, it was viewed directly under a fluorescence microscope. (Olympus IX71).




2.12. Enzyme-Linked Immunosorbent Assay (ELISA)


ELISA kits (mlbio, Shanghai, China) were used to assess inflammatory cytokine levels. The cell supernatant of each group was collected into centrifuge tubes and centrifuged at 3000 rpm for 20 min. Then, the levels of inflammatory cytokines secreted by CPB2 toxin-infected IPEC-J2 cells were measured according to the reagent instructions for tumor necrosis factor-α (TNF-α), interleukin 1β (IL-1β), IL-8 and IL-10, respectively. Finally, the absorbance of each well was measured at 450 nm wavelength via a multifunctional enzyme marker (Molecular Devices).




2.13. Cytotoxicity Assay


Lactate dehydrogenase (LDH) activity assay kit (Solarbio) was used to measure the cytotoxicity of CPB2 toxin-infected IPEC-J2 cells. Cells were collected in centrifuge tubes; a total of 300 μL of extract was added to each tube and cells were broken up by ultrasound and centrifuged at 8000× g for 10 min at 4 °C. The supernatant was then transferred to a 96-well plate and spiked according to the instructions of the kits. After standing at room temperature for 3 min, the absorbance was measured at 450 nm on a multifunctional enzyme marker (Molecular Devices).




2.14. Reactive Oxygen (ROS) Level Assessing


ROS levels were detected by ROS Assay Kit (Beyotime). The cell culture medium was withdrawn and transfected, and CPB2 toxin-treated cells were incubated for 20 min at 37 °C with 350 μL of the fluorescent probe DCFH-DA. The cells were then washed three times with serum-free cell culture medium to remove any DCFH-DA that had not entered the cells. Finally, the intensity of fluorescence was measured at 488 nm excitation wavelength and 525 nm emission wavelength on a multifunctional enzyme marker (Molecular Devices).




2.15. Superoxide Dismutase (SOD) Activity Testing


SOD Assay Kit with WST-8 (Beyotime) was used to assess SOD activity in CPB2 toxin-infected IPEC-J2 cells. The cell culture was aspirated and washed once with pre-chilled PBS at 4 °C. A total of 200 μL of the SOD sample preparation was added to each well to fully lyse the cells. After centrifugation at 12,000× g for 5 min at 4 °C, the supernatant was transferred to a 96-well plate (20 μL/ well). Subsequently, 160 μL of WST-8/enzyme working solution and 20 μL of reaction starter working solution were added to each well, gently mixed and incubated for 30 min at 37 °C. Finally, the absorbance was measured at 450 nm on a multifunctional enzyme marker (Molecular Devices).




2.16. Dual Luciferase Reporter Assay


Partial sequences of lnc001776 and IL-6 3′UTR, containing a binding site to ssc-let-7i-5p, were amplified by PCR using specific primers containing Xho I and Sal I restriction endonuclease sites (TaKaRa). The amplification products were recovered and purified and ligated into the luciferase reporter vector pmirGLO (Promega) to construct lnc001776 and IL-6 wild-type vectors (lnc001776-WT and IL-6 3′UTR-WT). The mutant vectors (lnc001776-Mut and IL-6 3′UTR-Mut) were synthesized by GENEWIZ Co., Ltd. Subsequently, ssc-let-7i-5p mimic and mimic NC were co-transfected in HEK-293T cells with lnc001776-WT, IL-6 3′UTR-WT, lnc001776-Mut and IL-6 3′UTR-Mut vectors, respectively. After 48 h of transfection, cells in each group were collected and then the fluorescence activity was detected, according to the instructions of Dual-Luciferase® Reporter Gene Assay System (Promega). Finally, the ratio of firefly fluorescence activity to renilla fluorescence activity was used as a criterion to assess fluorescence activity.




2.17. Western Blot


The IPEC-J2 cells were cleaved in RIPA lysis buffer (Absin, Shanghai, China) to derive total protein. The BCA Protein Assay Kit (CretBiotech, Suzhou, China) was employed to determine protein concentration. After the denatured protein was processed by 10% SDS-PAGE electrophoresis, they were transferred to the PVDF membrane. The PVDF membrane was blocked with 5% skim milk for 1 h and then incubated with primary antibodies (Bioss, Beijing, China) at 4 °C overnight. The membrane was washed three times with TBST for 5 min and was hatched with goat anti-rabbit horseradish peroxidase (HRP) IgG antibody for 30 min at room temperature. The enhanced Chemiluminescence (ECL) Kit (NCM Biotech, Suzhou, China) was applied to visualize protein bands, and Image J software (National Institutes of Health, New York, NY, USA) analyzed gray levels. Specific information on the antibodies used in this research is exhibited in Table S4.




2.18. Statistical Analysis


The IBM SPSS 21.0 software (IBM Corp., Chicago, IL, USA) was employed to perform statistical analysis of the experimental data; two-way comparisons were performed using independent, sample t-test analysis and the values obtained were expressed as mean ± SD. * p < 0.05 was determined to be statistically significant, ** p < 0.01 was determined to be extremely statistically significant and ns indicated that the difference is not significant.





3. Results


3.1. lnc001776 was Highly Expressed in the Ileum of Diarrhea Piglets and CPB2-Exposed IPEC-J2 Cells


In the previous high-throughput sequencing data from the ileum of CpC-infected diarrhea piglets, lnc001776 was found to be highly expressed in diarrhea piglets [36]. In this study, RT-qPCR results again confirmed that the lnc001776 level was obviously higher in the IS group than in the IC and IR groups (Figure 1A). Meanwhile, lnc001776 expression was markedly increased after 24 h of CPB2 toxin-exposed IPEC-J2 cells, and it peaked at 36 h (Figure 1B). Tissue expression profiles indicated that lnc001776 was most abundantly expressed in the stomach of healthy piglets and was moderately expressed in the intestinal tissues (Figure 1C). RACE experiment was performed to obtain the full-length sequence of lnc001776. 5′RACE and 3′RACE PCR amplification yielded 1708 bp and 1059 bp sequences, respectively (Figure 1D,E), and the full-length sequence of lnc001776 was obtained as 3386 bp after splicing and finishing. Subsequently, Coding Potential Calculator 2 (http://CpC2.gao-lab.org/, accessed on 7 November 2022 ) and Coding Potential Assessment Tool (https://wlcb.oit.uci.edu/cpat/, accessed on 7 November 2022) predicted that lnc001776 has no coding ability (Figure 1F). Cytoplasmic and nuclear RNA isolation and RNA-FISH assays results indicated that lnc001776 was localized in the IPEC-J2 cytoplasm (Figure 1G,H). These results imply that lnc001776 could be involved in CpC-infected piglet diarrhea through ceRNA regulatory mechanisms.




3.2. lnc001776 Deletion Suppressed CPB2 Toxin-Triggered Apoptosis in IPEC-J2 Cells


To determine the effect of lnc001776 on apoptosis, pc-lnc001776, si-lnc001776 and their respective NCs were transfected in CPB2 toxin-treated IPEC-J2 cells. pc-lnc001776 markedly elevated lnc001776 expression (800 ng; Figure 2A). Among the three si-lnc001776 siRNAs, si-lnc001776-2 had the most significant knockdown efficiency at 100 nmol (Figure 2B). CCK-8 assay and EdU staining results showed that lnc001776 silencing increased cell proliferation, while overexpression of lnc001776 showed the opposite results (Figure 2C–E). In addition, RT-qPCR results indicated that proliferating cell nuclear antigen (PCNA), cyclin-dependent kinase 4 (CDK4) and cyclinB levels were higher in the si-lnc001776-2 group than in the si-NC group (Figure 2F–H). Hoechst 33258 staining results demonstrated that lnc001776 knockdown dampened CPB2 toxin-generated apoptosis in IPEC-J2 cells (Figure 2I). Likewise, transfection with si-lnc001776-2 accelerated Bcl2 mRNA and protein levels (Figure 2J,L,M) and decreased Bax levels (Figure 2K,L,N). Overall, these data indicate that lnc001776 knockdown suppressed CPB2 toxin-generated apoptosis in IPEC-J2 cells.




3.3. Overexpression of lnc001776 Exacerbated CPB2 Toxin-Treated IPEC-J2 Cell Inflammatory Injury


ELISA results demonstrated that elevated lnc001776 facilitated the release of TNF-α, IL-1β and IL-8 levels from CPB2 toxin-infected IPEC-J2 cells (Figure 3A–C) and inhibited IL-10 levels (Figure 3D). LDH is a cytoplasmic enzyme that is present in most cells. LDH activity changes when the cell membrane is damaged; therefore, the amount of LDH released can reflect the degree of cell damage [37,38]. Cytotoxicity assay results indicated that lnc001776 overexpression significantly increased LDH levels (Figure 3E). In addition, ROS levels and SOD viability were assayed to evaluate the effect of lnc001776 on CPB2 toxin-induced oxidative damage in IPEC-J2 cells. ROS is one of the main oxidants endogenously produced by cells and its transitional production causes oxidative stress in cells, damages intracellular biomolecules and induces apoptosis [39,40]. SOD, as the primary antioxidant for cells in vivo, is responsible for scavenging superoxide anions from the cytoplasm and mitochondria to protect cells from oxidative stress damage [41,42]. As displayed in Figure 3F,G, elevated lnc001776 stimulated ROS production (Figure 3F) and suppressed SOD activity (Figure 3G). These results suggest that elevated lnc001776 exacerbated the inflammatory damage induced by CPB2 toxin in IPEC-J2 cells.




3.4. Suppression of lnc001776 Mitigated CPB2 Toxin-Triggered Barrier Disruption in IPEC-J2 Cells


We examined ZO-1 and E-cadherin expression to confirm the impact of lnc001776 on tight junctions of CPB2 toxin-treated IPEC-J2 cells. As depicted in Figure 4A–E, overexpression of lnc001776 repressed ZO-1, E-cadherin mRNA and protein expression, whereas lnc001776 knockdown enhanced their expression. These results reveal that inhibition of lnc001776 ameliorated the disruption of IPEC-J2 cell barrier integrity by CPB2 toxin.




3.5. lnc001776 Acted as a Sponge for ssc-let-7i-5p


We found a binding site for lnc001776 to ssc-let-7i-5p (Figure 5A), and dual-luciferase reporter assays indicated that ssc-let-7i-5p mimic remarkably reduced lnc001776-WT fluorescence activity, whereas it had no remarkable effect on lnc001776-Mut fluorescence activity (Figure 5B). Subsequently, RT-qPCR results showed that overexpression of lnc001776 suppressed ssc-let-7i-5p levels, and lnc001776 knockdown improved ssc-let-7i-5p levels (Figure 5C). Furthermore, ssc-let-7i-5p expression was remarkably lower in the IS group than in the IC and IR groups (Figure 5D). Similarly, ssc-let-7i-5p levels were reduced in CPB2 toxin-infected IPEC-J2 cells (Figure 5E), which was in contrast to lnc001776 expression, indicating a negative correlation between the two. Meanwhile, ssc-let-7i-5p was highly expressed in the ileum tissue of healthy piglets (Figure 5F). In conclusion, lnc001776 was a sponge for ssc-let-7i-5p.




3.6. Overexpression of ssc-let-7i-5p Ameliorated CPB2 Toxin-Caused Damage in IPEC-J2 Cells


To investigate the role of ssc-let-7i-5p on CPB2 toxin-caused cell damage, we constructed a ssc-let-7i-5p mimic and inhibitor to overexpress and knock down ssc-let-7i-5p level in IPEC-J2 cells. As depicted in Figure 6A, the mimic significantly increased ssc-let-7i-5p expression (50 nmol). The inhibitor significantly decreased ssc-let-7i-5p expression (150 nmol; Figure 6B). Subsequently, CCK-8 assay and EdU staining indicated that ssc-let-7i-5p mimic enhanced cell proliferation (Figure 6C–E). Meanwhile, PCNA levels were not significantly changed after ssc-let-7i-5p overexpression (Figure 6F), and CDK4 and cyclinB expression were elevated (Figure 6G,H). Hoechst 33258 staining revealed that ssc-let-7i-5p mimic inhibited apoptosis of damaged cells and the inhibitor demonstrated the opposite results (Figure 6I). In addition, Bcl2 levels were increased and Bax levels were decreased in ssc-let-7i-5p mimic group compared to the mimic NC group (Figure 6J–N). Additionally, transfection with ssc-let-7i-5p mimic significantly decreased TNF-α, IL-1β, IL-8 and LDH levels (Figure 7A–C,E) and increased IL-10 levels (Figure 7D). ssc-let-7i-5p overexpression had no significant influence on ROS contents and SOD activity, whereas ssc-let-7i-5p knockdown elevated ROS contents and decreased SOD activity (Figure 7F,G). As depicted in Figure 7H–L, high expression of ssc-let-7i-5p significantly increased ZO-1 and E-cadherin levels. Collectively, these results imply that overexpression of ssc-let-7i-5p suppressed CPB2-triggered IPEC-J2 cell injury.




3.7. IL-6 Was a Target of ssc-let-7i-5p


TargetScan (https://www.targetscan.org/vert_72/, accessed on 20 February 2021) identified IL-6 as a candidate target for ssc-let-7i-5p (Figure 8A). As depicted in Figure 8B, ssc-let-7i-5p mimic significantly diminished the fluorescence activity of IL-6 3′UTR-WT, whereas the fluorescence activity of IL-6 3′UTR-Mut was not notably changed (Figure 8B). IL-6 levels were decreased after ssc-let-7i-5p overexpression and increased after ssc-let-7i-5p knockdown (Figure 8C,D). Additionally, IL-6 expression was remarkably higher in the IS group than in the IC and IR groups (Figure 8E–G). Similarly, IL-6 levels were notably increased in CPB2 toxin-treated IPEC-J2 cells after 12 h (Figure 8H,I). As shown in Figure 8J, IL-6 expression was highest in the spleen of healthy piglets and moderately expressed in the intestinal tissues. These data demonstrate that ssc-let-7i-5p directly targeted IL-6.




3.8. Overexpression of lnc001776 Aggravated CPB2 Toxin-Triggered Damage in IPEC-J2 Cells by ssc-let-7i-5p/IL-6 Axis


Simultaneous overexpression of lnc001776, ssc-let-7i-5p and IL-6 further verify that lnc001776 regulated CPB2 toxin-generated damage in IPEC-J2 cells by adsorption of ssc-let-7i-5p, to regulate IL-6. As shown in Figure 9A–D, IL-6 levels were successfully overexpressed and knocked down in IPEC-J2 cells. Overexpression of lnc001776 depressed cell proliferation, PCNA and cyclinB levels, as well as the introduction of ssc-let-7i-5p restored proliferation, CDK4 and cyclinB levels, whereas elevated IL-6 again performed suppression (Figure 9E–H). ssc-let-7i-5p mimic repressed lnc001776-induced apoptosis and Bax expression, while pc-IL-6 reversed this effect (Figure 9I–L). Transfection of pc-lnc001776 enhanced pro-inflammatory factors, LDH and ROS levels and decreased anti-inflammatory factors and SOD activity, while ssc-let-7i-5p reversed the effect of lnc001776 on inflammatory cytokines and LDH. Subsequently, pc-IL-6 rescued the effect of lnc001776 (Figure 10A–D). The disruption of cell barrier integrity by lnc001776 overexpression could be ameliorated by ssc-let-7i-5p. IL-6 overexpression again underwent disruption (Figure 10E–G). Overall, overexpression of lnc001776 exacerbated CPB2 toxin-triggered IPEC-J2 cell injury via the ssc-let-7i-5p/IL-6 axis.




3.9. Elevated lnc001776 Activated JNK/NF-kB Pathway Through ssc-let-7i-5p/IL-6 Axis


The effect of lnc001776 on the JNK/NF-kB pathway was analyzed by Western blot. As displayed in Figure 11A–D, lnc001776 overexpression and ssc-let-7i-5p knockdown increased JNK, p-JNK, NF-kB/p65 and p-NF-kB/p65 protein levels in CPB2 toxin-induced IPEC-J2 cells, whereas lnc001776 knockdown and elevated ssc-let-7i-5p depressed their expression. Furthermore, ssc-let-7i-5p mimic weakened the promoting effect of lnc001776 on JNK, p-JNK, NF-kB/p65 and p-NF-kB/p65 protein levels, while the introduction of IL-6 partially reversed the effect of let-7i-5p (Figure 11E,F). In conclusion, lnc001776 overexpression activated the JNK/NF-kB pathway via regulating the ssc-let-7i-5p/IL-6 axis.





4. Discussion


Piglet diarrhea is a typical multi-factorial disease in large-scale pig farming, and CpC is one of the main bacteria causing piglet diarrhea and related intestinal inflammation, which seriously threatens the healthy development of the world pig industry [3]. Numerous studies demonstrated that lncRNAs play an essential role in host resistance to bacterial diarrhea. For instance, lncRNA FUT3-AS1 silencing enhanced resistance to Escherichia coli F18 in IPEC-J2 cells [43]. lncRNA IALNCR knockdown exerted antiviral functions through MAPK8/JNK1 pathway to promote Bovine viral diarrhea virus (BVDV) infection-generated apoptosis [44]. In this study, we confirmed that lnc001776 was elevated in CpC-infected diarrhea piglets and CPB2 toxin-exposed IPEC-J2 cells, demonstrating that lnc001776 may be involved in the process of CpC-infected piglet diarrhea. Several studies demonstrated that lncRNAs can participate in the immune response and defense process of intestinal inflammation and disease by regulating intestinal barrier function and mucosal immunity [45]. Wang et al. [46] found that lncRNA-CD244 was significantly up-regulated in CD8(+) T cells of mice infected with Mycobacterium tuberculosis and aggravated the inflammatory response. Elevated lncRNA GAS5 alleviated LPS-induced inflammatory injury and apoptosis in ATDC5 chondrocytes by regulating kruppel-like factor 2 (KLF2) [47]. Chen et al. [48] found that lncRNA H19 overexpression disrupted the partial function of the intestinal epithelial barrier. To verify the regulatory role of lnc001776 in CPB2-toxin-treated IPEC-J2 cells, we performed gain-of-function and loss-of-function experiments. The results showed that lnc001776 knockdown alleviated the apoptosis, inflammatory damage and barrier dysfunction of IPEC-J2 cells caused by CPB2 toxin, which further implies that lnc001776 plays a vital role in the resistance of piglets to CpC-infected diarrhea.



The regulation of lncRNAs varies depending on their subcellular localization. lncRNAs in the nucleus can exert transcriptional regulation, interacting with nuclear proteins and chromatin. However, lncRNAs in the cytoplasm are often able to exert post-transcriptional regulation, affecting mRNA stability or interfering with the translation process [49]. For instance, the lncRNA PYCARD-as1 recruited recombinant DNA methyltransferase 1 (DNMT1) and G9a to the PYCARD promoter to promote DNA methylation and modification of H3K9me2 in the nucleus, whereas lncRNA PYCARD-as1 could interact with PYCARD mRNA through 50 overlapping regions in the cytoplasm, thereby inhibiting ribosome formation in the cytoplasm for PYCARD translation [50]. An increasing amount of evidence indicated that lncRNAs can influence cellular functions by regulating mRNAs through adsorption of corresponding miRNAs [51]. lncRNA DANCR targeting miR-1306-5p/polo-like Kinase 1 (PLK1) axis reduced intestinal mucosal permeability and apoptosis of colonic mucosal epithelial cells and improved intestinal barrier dysfunction [52]. lncRNA TUG1 overexpression, targeting the miR-186-5p/X-linked inhibitor of apoptosis protein (XIAP) axis, attenuated NLRP3 inflammatory vesicle-induced cardiomyocyte scorching [53]. In the present study, lnc001776 was localized in the IPEC-J2 cytoplasm, suggesting lnc001776 could be involved in the regulation of CpC, causing piglet diarrhea, through a ceRNA mechanism. We found that lnc001776 acted as a sponge for ssc-let-7i-5p. lnc001776 overexpression suppressed ssc-let-7i-5p levels, whereas lnc001776 knockdown promoted ssc-let-7i-5p expression. Additionally, ssc-let-7i-5p was significantly down-regulated in CpC-infected diarrhea piglets and CPB2 toxin-exposed IPEC-J2 cells. Interestingly, we identified IL-6 as a target of ssc-let-7i-5p. ssc-let-7i-5p mimic reduced IL-6 levels and the inhibitor promoted IL-6 levels. Furthermore, IL-6 was enhanced in CpC-infected diarrhea piglets and CPB2 toxin-exposed IPEC-J2 cells. These findings suggest that lnc001776 could affect CPB2 toxin-induced damage in IPEC-J2 cells by regulating ssc-let-7i-5p/IL-6 axis.



Several studies demonstrated that let-7i-5p is involved in inflammatory injury processes. For instance, let-7i-5p overexpression repressed hypoxia-induced NF-κB activation, mitochondrial dysfunction and cardiomyocyte apoptosis [54]. Let-7i-5p-loaded extracellular vesicles attenuated heme-induced inflammatory injury in heme-derived endothelial cells [55]. We found that elevated ssc-let-7i-5p inhibited apoptosis, inflammatory injury and barrier dysfunction in IPEC-J2 cells caused by CPB2 toxin. This study confirmed that lnc001776 is a damage factor in CPB2 toxin-exposed IPEC-J2 cells, while ssc-let-7i-5p is a protective miRNA. To further verify whether lnc001776 affects CPB2 toxin-generated damage in IPEC-J2 cells by regulating IL-6 through adsorption of ssc-let-7i-5p, we overexpressed lnc001776, ssc-let-7i-5p and IL-6 simultaneously. We found that ssc-let-7i-5p overexpression ameliorated the injury of IPEC-J2 cells by lnc001776, and IL-6 overexpression weakened the protective effect of ssc-let-7i-5p on CPB2 toxin-induced IPEC-J2 cells. These data demonstrate that lnc001776 aggravated CPB2 toxin-generated injury in IPEC-J2 cells through ssc-let-7i-5p/IL-6 axis.



The JNK pathway is one of the important pathways in the MAPK pathway that mediates immune signaling after pathogenic microbial infection and is involved in a variety of important physiological processes, such as host immune defense, cell proliferation, differentiation and inflammatory response [56]. NF-kB is one of the main pathways leading to the inflammatory response and activation of the NF-kB pathway, which triggers the generation of pro-inflammatory cytokines and exacerbates the inflammatory response [57,58]. We found that lnc001776 overexpression activated the JNK/NF-kB pathway, whereas ssc-let-7i-5p mimic inhibited the activation of the JNK/NF-kB pathway. Subsequently, IL-6 overexpression alleviated the inhibition of the JNK/NF-kB pathway by ssc-let-7i-5p. Therefore, in this study, lnc001776 upregulated IL-6 expression through adsorption of ssc-let-7i-5p and activated the JNK/NF-kB signaling pathway, which in turn exacerbated CPB2 toxin-induced IPEC-J2 cell injury (Figure 12).




5. Conclusions


In conclusion, lnc001776 was highly expressed in CPB2 toxin-induced IPEC-J2 cells and aggravated CPB2 toxin-induced IPEC-J2 cell injury by activating the JNK/ NF-kB pathway via ssc-let-7i-5p/IL-6 axis, suggesting that lnc001776 could be a potential target for piglets to resist CpC-induced diarrhea.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells12071036/s1. Table S1: lnc001776 5′ and 3′ RACE amplification primer sequences; Table S2: si-lnc001776, ssc-let-7i-5p mimic, inhibitor, si-IL-6 and their NCs Sequences; Table S3: The RT-qPCR primer sequences used in this study; Table S4: Information on antibodies used in this study.





Author Contributions


Conceptualization: K.X.; methodology: K.X., X.H. and X.G.; software: K.X.; formal analysis: K.X.; investigation: K.X. and P.W.; resources: K.X. and J.L.; data curation: K.X.; writing-original draft preparation: K.X.; writing-review and editing: Z.Y. and Q.Y.; visualization: K.X.; supervision: S.G.; project administration: Z.Y. and S.G.; funding acquisition: S.G. 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 (31960646) and the Education Science and Technology Innovation Project of Gansu Province (GSSYLXM-02).




Institutional Review Board Statement


All animal experiments were guided by the Ethics Committee of the Experimental Animal Center of Gansu Agricultural University (Approval No. 2006-398).




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Uthe, J.J.; Royaee, A.; Lunney, J.K.; Stabel, T.J.; Zhao, S.H.; Tuggle, C.K.; Bearson, S.M. Porcine differential gene expression in response to Salmonella enterica serovars Choleraesuis and Typhimurium. Mol. Immunol. 2007, 44, 2900–2914. [Google Scholar] [CrossRef]

	



Wu, Z.; Qin, W.; Wu, S.; Zhu, G.; Bao, W.; Wu, S. Identification of microRNAs regulating Escherichia coli F18 infection in Meishan weaned piglets. Biol. Direct 2016, 11, 59. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Z.; Cai, L.; Huang, X.; Sun, W.; Li, S.; Wang, P.; Yang, Q.; Jiang, T.; Gun, S. Histological and Comparative Transcriptome Analyses Provide Insights into Small Intestine Health in Diarrheal Piglets after Infection with Clostridium Perfringens Type C. Animals 2019, 9, 269. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.; Wang, Y.; Liu, S.; Huang, J.; Zhai, Z.; He, C.; Ding, J.; Wang, J.; Wang, H.; Fan, W.; et al. The dynamic distribution of porcine microbiota across different ages and gastrointestinal tract segments. PLoS ONE 2015, 10, e0117441. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Fang, P.; Ke, W.; Wang, J.; Wang, X.; Xiao, S.; Fang, L. Porcine deltacoronavirus (PDCoV) infection antagonizes interferon-λ1 production. Vet. Microbiol. 2020, 247, 108785. [Google Scholar] [CrossRef]

	



Zhou, X.; Niu, J.W.; Zhang, J.F.; Liao, M.; Zhai, S.L. Commentary: Identification of pulmonary infections with porcine Rotavirus A in pigs with respiratory disease. Front. Vet. Sci. 2023, 10, 1102602. [Google Scholar] [CrossRef]

	



Camargo, A.; Guerrero-Araya, E.; Castañeda, S.; Vega, L.; Cardenas-Alvarez, M.X.; Rodríguez, C.; Paredes-Sabja, D.; Ramírez, J.D.; Muñoz, M. Intra-species diversity of Clostridium perfringens: A diverse genetic repertoire reveals its pathogenic potential. Front. Microbiol. 2022, 13, 952081. [Google Scholar] [CrossRef]

	



Kiu, R.; Hall, L.J. An update on the human and animal enteric pathogen Clostridium perfringens. Emerg. Microbes Infect. 2018, 7, 141. [Google Scholar] [CrossRef]

	



Rood, J.I.; Adams, V.; Lacey, J.; Lyras, D.; McClane, B.A.; Melville, S.B.; Moore, R.J.; Popoff, M.R.; Sarker, M.R.; Songer, J.G.; et al. Expansion of the Clostridium perfringens toxin-based typing scheme. Anaerobe 2018, 53, 5–10. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Adams, V.; Bannam, T.L.; Miyamoto, K.; Garcia, J.P.; Uzal, F.A.; Rood, J.I.; McClane, B.A. Toxin plasmids of Clostridium perfringens. Microbiol. Mol. Biol. Rev. 2013, 77, 208–233. [Google Scholar] [CrossRef]

	



Waters, M.; Savoie, A.; Garmory, H.S.; Bueschel, D.; Popoff, M.R.; Songer, J.G.; Titball, R.W.; McClane, B.A.; Sarker, M.R. Genotyping and phenotyping of beta2-toxigenic Clostridium perfringens fecal isolates associated with gastrointestinal diseases in piglets. J. Clin. Microbiol. 2003, 41, 3584–3591. [Google Scholar] [CrossRef]

	



Gibert, M.; Jolivet-Reynaud, C.; Popoff, M.R. Beta2 toxin, a novel toxin produced by Clostridium perfringens. Gene 1997, 203, 65–73. [Google Scholar] [CrossRef]

	



Zeng, J.; Song, F.; Yang, Y.; Ma, C.; Deng, G.; Li, Y.; Wang, Y.; Liu, X. The Generation and Characterization of Recombinant Protein and Antibodies of Clostridium perfringens Beta2 Toxin. J. Immunol. Res. 2016, 2016, 5708468. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Yang, Q.; Huang, X.; Yan, Z.; Zhang, S.; Luo, R.; Wang, P.; Wang, W.; Xie, K.; Jiang, T.; et al. Effects of Clostridium perfringens beta2 toxin on apoptosis, inflammation, and barrier function of intestinal porcine epithelial cells. Microb. Pathog. 2020, 147, 104379. [Google Scholar] [CrossRef] [PubMed]

	



Luo, R.; Yang, Q.; Huang, X.; Yan, Z.; Gao, X.; Wang, W.; Xie, K.; Wang, P.; Gun, S. Clostridium perfringens beta2 toxin induced in vitro oxidative damage and its toxic assessment in porcine small intestinal epithelial cell lines. Gene 2020, 759, 144999. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Su, Z.; Lu, S.; Fu, W.; Liu, Z.; Jiang, X.; Tai, S. LncRNA HOXA-AS2 and its molecular mechanisms in human cancer. Clin. Chim. Acta 2018, 485, 229–233. [Google Scholar] [CrossRef] [PubMed]

	



Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al. The GENCODE v7 catalog of human long noncoding RNAs: Analysis of their gene structure, evolution, and expression. Genome Res. 2012, 22, 1775–1789. [Google Scholar] [CrossRef]

	



Cabili, M.N.; Trapnell, C.; Goff, L.; Koziol, M.; Tazon-Vega, B.; Regev, A.; Rinn, J.L. Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses. Genes Dev. 2011, 25, 1915–1927. [Google Scholar] [CrossRef]

	



Ulitsky, I.; Bartel, D.P. lincRNAs: Genomics, evolution, and mechanisms. Cell 2013, 154, 26–46. [Google Scholar] [CrossRef]

	



Fernandes, J.C.R.; Acuña, S.M.; Aoki, J.I.; Floeter-Winter, L.M.; Muxel, S.M. Long Non-Coding RNAs in the Regulation of Gene Expression: Physiology and Disease. Noncoding RNA 2019, 5, 17. [Google Scholar] [CrossRef]

	



Fico, A.; Fiorenzano, A.; Pascale, E.; Patriarca, E.J.; Minchiotti, G. Long non-coding RNA in stem cell pluripotency and lineage commitment: Functions and evolutionary conservation. Cell. Mol. Life Sci. 2019, 76, 1459–1471. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Gao, Q.; Tian, Z.; Lu, X.; Sun, Y.; Chen, Z.; Zhang, H.; Mao, Y.; Yang, Z. MIR221HG Is a Novel Long Noncoding RNA that Inhibits Bovine Adipocyte Differentiation. Genes 2019, 11, 29. [Google Scholar] [CrossRef] [PubMed]

	



Hu, G.; Liao, K.; Niu, F.; Yang, L.; Dallon, B.W.; Callen, S.; Tian, C.; Shu, J.; Cui, J.; Sun, Z.; et al. Astrocyte EV-Induced lincRNA-Cox2 Regulates Microglial Phagocytosis: Implications for Morphine-Mediated Neurodegeneration. Mol. Ther.-Nucleic Acids 2018, 13, 450–463. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Z.; Zhang, Z.; Liu, H.; Li, W.; Guo, X.; Zhang, Z.; Liu, Y.; Jia, L.; Li, Y.; Ren, Y.; et al. lincRNA-Cox2 regulates NLRP3 inflammasome and autophagy mediated neuroinflammation. Cell Death Differ. 2019, 26, 130–145. [Google Scholar] [CrossRef]

	



Zhang, Y.; Dong, X.; Hou, L.; Cao, Z.; Zhu, G.; Vongsangnak, W.; Xu, Q.; Chen, G. Identification of Differentially Expressed Non-coding RNA Networks with Potential Immunoregulatory Roles During Salmonella Enteritidis Infection in Ducks. Front. Vet. Sci. 2021, 8, 692501. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Lv, X.; Zhang, W.; Hu, T.; Cao, X.; Ren, Z.; Getachew, T.; Mwacharo, J.M.; Haile, A.; Sun, W. Insights into long non-coding RNA and mRNA expression in the jejunum of lambs challenged with Escherichia coli F17. Front. Vet. Sci. 2022, 9, 819917. [Google Scholar] [CrossRef]

	



Zhao, Y.; Srivastava, D. A developmental view of microRNA function. Trends Biochem. Sci. 2007, 32, 189–197. [Google Scholar] [CrossRef] [PubMed]

	



Roush, S.; Slack, F.J. The let-7 family of microRNAs. Trends Cell Biol. 2008, 18, 505–516. [Google Scholar] [CrossRef]

	



Sun, X.; Xue, H.; Xiong, Y.; Yu, R.; Gao, X.; Qian, M.; Wang, S.; Wang, H.; Xu, J.; Chen, Z.; et al. GALE Promotes the Proliferation and Migration of Glioblastoma Cells and Is Regulated by miR-let-7i-5p. Cancer Manag. Res. 2019, 11, 10539–10554. [Google Scholar] [CrossRef]

	



Yang, H.D.; Kim, H.S.; Kim, S.Y.; Na, M.J.; Yang, G.; Eun, J.W.; Wang, H.J.; Cheong, J.Y.; Park, W.S.; Nam, S.W. HDAC6 Suppresses Let-7i-5p to Elicit TSP1/CD47-Mediated Anti-Tumorigenesis and Phagocytosis of Hepatocellular Carcinoma. Hepatology 2019, 70, 1262–1279. [Google Scholar] [CrossRef]

	



Xiao, Y.C.; Wang, W.; Gao, Y.; Li, W.Y.; Tan, X.; Wang, Y.K.; Wang, W.Z. The Peripheral Circulating Exosomal microRNAs Related to Central Inflammation in Chronic Heart Failure. J. Cardiovasc. Transl. Res. 2022, 15, 500–513. [Google Scholar] [CrossRef] [PubMed]

	



Harrington, E.O.; Braza, J.; Shil, A.; Chichger, H. Extracellular vesicles released from p18 overexpressing pulmonary endothelial cells are barrier protective—Potential implications for acute respiratory distress syndrome. Pulm. Circ. 2020, 10, 2045894020951759. [Google Scholar] [CrossRef]

	



Huang, X.Y.; Sun, W.Y.; Yan, Z.Q.; Shi, H.R.; Yang, Q.L.; Wang, P.F.; Li, S.G.; Liu, L.X.; Zhao, S.G.; Gun, S.B. Novel Insights reveal Anti-microbial Gene Regulation of Piglet Intestine Immune in response to Clostridium perfringens Infection. Sci. Rep. 2019, 9, 1963. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Z.; Huang, X.; Sun, W.; Yang, Q.; Shi, H.; Jiang, T.; Li, S.; Wang, P.; Gun, S. Analyses of long non-coding RNA and mRNA profiling in the spleen of diarrheic piglets caused by Clostridium perfringens type C. PeerJ 2018, 6, e5997. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Sun, W.; Yan, Z.; Shi, H.; Yang, Q.; Wang, P.; Li, S.; Liu, L.; Zhao, S.; Gun, S. Integrative Analyses of Long Non-coding RNA and mRNA Involved in Piglet Ileum Immune Response to Clostridium perfringens Type C Infection. Front. Cell. Infect. Microbiol. 2019, 9, 130. [Google Scholar] [CrossRef]

	



Zou, M.; Zhai, Y.; Mei, X.; Wei, X. Lactate dehydrogenase and the severity of adenoviral pneumonia in children: A meta-analysis. Front. Pediatr. 2023, 10, 1059728. [Google Scholar] [CrossRef]

	



Van Wilpe, S.; Koornstra, R.; Den Brok, M.; De Groot, J.W.; Blank, C.; De Vries, J.; Gerritsen, W.; Mehra, N. Lactate dehydrogenase: A marker of diminished antitumor immunity. Oncoimmunology 2020, 9, 1731942. [Google Scholar] [CrossRef]

	



Park, S.G.; Kim, J.H.; Xia, Y.; Sung, J.H. Generation of reactive oxygen species in d stem cells: Friend or foe? Expert Opin. Ther. Targets 2011, 15, 1297–1306. [Google Scholar] [CrossRef]

	



Suraweera, T.L.; Merlin, J.P.J.; Dellaire, G.; Xu, Z.; Rupasinghe, H.P.V. Genistein and Procyanidin B2 Reduce Carcinogen-Induced Reactive Oxygen Species and DNA Damage through the Activation of Nrf2/ARE Cell Signaling in Bronchial Epithelial Cells In Vitro. Int. J. Mol. Sci. 2023, 24, 3676. [Google Scholar] [CrossRef]

	



Neelapu, B.C.; Kharbanda, O.P.; Sardana, H.K.; Balachandran, R.; Sardana, V.; Kapoor, P.; Gupta, A.; Vasamsetti, S. Craniofacial and upper airway morphology in adult obstructive sleep apnea patients: A systematic review and meta-analysis of cephalometric studies. Sleep Med. Rev. 2017, 31, 79–90. [Google Scholar] [CrossRef] [PubMed]

	



Xikeranmu, Z.; Abdunasir, M.; Ma, J.; Tusong, K.; Liu, X. Characterization of two copper/zinc superoxide dismutases (Cu/Zn-SODs) from the desert beetle Microdera punctipennis and their activities in protecting E. coli cells against cold. Cryobiology 2019, 87, 15–27. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Fan, H.; Jin, J.; Gao, S.; Huang, R.; Wu, S.; Bao, W. Insight into mechanisms of pig lncRNA FUT3-AS1 regulating E. coli F18-bacterial diarrhea. PLoS Pathog. 2022, 18, e1010584. [Google Scholar] [CrossRef]

	



Gao, X.; Sun, X.; Yao, X.; Wang, Y.; Li, Y.; Jiang, X.; Han, Y.; Zhong, L.; Wang, L.; Song, H.; et al. Downregulation of the Long Noncoding RNA IALNCR Targeting MAPK8/JNK1 Promotes Apoptosis and Antagonizes Bovine Viral Diarrhea Virus Replication in Host Cells. J. Virol. 2022, 96, e01113-22. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Wan, J.; Ye, J.; Xia, L.; Lu, N. Emerging role of lncRNAs in the normal and diseased intestinal barrier. Inflamm. Res. 2018, 67, 757–764. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhong, H.; Xie, X.; Chen, C.Y.; Huang, D.; Shen, L.; Zhang, H.; Chen, Z.W.; Zeng, G. Long noncoding RNA derived from CD244 signaling epigenetically controls CD8+ T-cell immune responses in tuberculosis infection. Proc. Natl. Acad. Sci. USA 2015, 112, E3883–E3892. [Google Scholar] [CrossRef]

	



Li, F.; Sun, J.; Huang, S.; Su, G.; Pi, G. LncRNA GAS5 Overexpression Reverses LPS-Induced Inflammatory Injury and Apoptosis Through Up-Regulating KLF2 Expression in ATDC5 Chondrocytes. Cell. Physiol. Biochem. 2018, 45, 1241–1251. [Google Scholar] [CrossRef]

	



Chen, S.W.; Wang, P.Y.; Liu, Y.C.; Sun, L.; Zhu, J.; Zuo, S.; Ma, J.; Li, T.Y.; Zhang, J.L.; Chen, G.W.; et al. Effect of Long Noncoding RNA H19 Overexpression on Intestinal Barrier Function and Its Potential Role in the Pathogenesis of Ulcerative Colitis. Inflamm. Bowel Dis. 2016, 22, 2582–2592. [Google Scholar] [CrossRef]

	



Poller, W.; Dimmeler, S.; Heymans, S.; Zeller, T.; Haas, J.; Karakas, M.; Leistner, D.M.; Jakob, P.; Nakagawa, S.; Blankenberg, S.; et al. Non-coding RNAs in cardiovascular diseases: Diagnostic and therapeutic perspectives. Eur. Heart J. 2018, 39, 2704–2716. [Google Scholar] [CrossRef]

	



Miao, H.; Wang, L.; Zhan, H.; Dai, J.; Chang, Y.; Wu, F.; Liu, T.; Liu, Z.; Gao, C.; Li, L.; et al. A long noncoding RNA distributed in both nucleus and cytoplasm operates in the PYCARD-regulated apoptosis by coordinating the epigenetic and translational regulation. PLoS Genet. 2019, 15, e1008144. [Google Scholar] [CrossRef]

	



Ma, Y.; Zhang, J.; Wen, L.; Lin, A. Membrane-lipid associated lncRNA: A new regulator in cancer signaling. Cancer Lett. 2018, 419, 27–29. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Zhong, C.; Cao, Y.; Yin, H.; Shen, G.; Lu, W.; Ding, W. LncRNA DANCR improves the dysfunction of the intestinal barrier and alleviates epithelial injury by targeting the miR-1306-5p/PLK1 axis in sepsis. Cell Biol. Int. 2021, 45, 1935–1944. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Li, T.; Chen, Z.; Huang, J.; Qin, Z.; Li, L. Overexpression of lncRNA TUG1 Alleviates NLRP3 Inflammasome-Mediated Cardiomyocyte Pyroptosis Through Targeting the miR-186-5p/XIAP Axis in Coronary Microembolization-Induced Myocardial Damage. Front. Immunol. 2021, 12, 637598. [Google Scholar] [CrossRef]

	



Zhang, H.; Zou, X.; Liu, F. Silencing TTTY15 mitigates hypoxia-induced mitochondrial energy metabolism dysfunction and cardiomyocytes apoptosis via TTTY15/let-7i-5p and TLR3/NF-κB pathways. Cell. Signal. 2020, 76, 109779. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, J.J.; Harp, K.O.; Bashi, A.; Hood, J.L.; Botchway, F.; Wilson, M.D.; Thompson, W.E.; Stiles, J.K.; Driss, A. MiR-451a and let-7i-5p loaded extracellular vesicles attenuate heme-induced inflammation in hiPSC-derived endothelial cells. Front. Immunol. 2022, 13, 1082414. [Google Scholar] [CrossRef]

	



Cargnello, M.; Roux, P.P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases. Microbiol. Mol. Biol. Rev. 2011, 75, 50–83. [Google Scholar] [CrossRef]

	



Killeen, M.J.; Linder, M.; Pontoniere, P.; Crea, R. NF-κB signaling and chronic inflammatory diseases: Exploring the potential of natural products to drive new therapeutic opportunities. Drug Discov. Today 2014, 19, 373–378. [Google Scholar] [CrossRef]

	



O’Neill, L.A.; Golenbock, D.; Bowie, A.G. The history of Toll-like receptors—Redefining innate immunity. Nat. Rev. Immunol. 2013, 13, 453–460. [Google Scholar] [CrossRef]








[image: Cells 12 01036 g001 550] 





Figure 1. lnc001776 was elevated in CPB2 toxin-treated IPEC-J2 cells. (A) lnc001776 expression in IC, IS and IR groups by RT-qPCR. (B) lnc001776 expression in CPB2 toxin-infected IPEC-J2 cells by RT-qPCR. (C) lnc001776 levels in different tissues of healthy piglets via RT-qPCR. Different lowercase letters indicate highly significant differences between groups (p < 0.01). (D) 5′ RACE PCR amplification. (E) 3′ RACE PCR amplification. (F) lnc001776 coding ability prediction by CpC2 and CPAT. (G) lnc001776 expression in IPEC-J2 cytoplasm and nucleus. (H) lnc001776 location in IPEC-J2 cells through RNA-FISH. M: 5000 DNA marker; 1: 5′ RACE amplification product; 2: 3′ RACE amplification product. ns: not significant. ** p < 0.01. 
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Figure 2. lnc001776 knockdown alleviated CPB2 toxin-triggered apoptosis in IPEC-J2 cells. (A) lnc001776 overexpression efficiency via RT-qPCR. (B) lnc001776 knockdown efficiency via RT-qPCR. (C) Cell viability through CCK-8. (D) Cell proliferating by EdU staining. (E) Percentage of red positive proliferating cells. (F–H) PCNA, CDK4 and cyclinB levels through RT-qPCR. (I) Cell apoptosis by Hoechst 33258 staining. (J,K) Bcl2 and Bax mRNA expression via RT-qPCR. (L–N) Bcl2 and Bax protein expression through Western blot. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 3. Overexpression of lnc001776 enhanced CPB2 toxin-triggered inflammatory damage in IPEC-J2 cells. (A–D) TNF-α, IL-1β, IL-8 and IL-10 levels via ELISA. (E) LDH activity. (F) ROS level. (G) SOD activity. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 4. lnc001776 knockdown ameliorated the disruption of IPEC−J2 cell barrier integrity by CPB2 toxin. (A,B) ZO−1 and E-cadherin mRNA expression through RT-qPCR. (C–E) ZO−1 and E−cadherin protein expression via Western blot. * p < 0.05, ** p < 0.01. 
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Figure 5. lnc001776 was a sponge for ssc-let-7i-5p. (A) Binding sites of lnc001776 to ssc-let-7i-5p. (B) Fluorescence activity through dual-luciferase reporter assay. (C) ssc-let-7i-5p expression after overexpression and knockdown of lnc001776 by RT-qPCR. (D) ssc-let-7i-5p expression in IC, IS and IR groups by RT-qPCR. (E) ssc-let-7i-5p expression in CPB2 toxin-infected IPEC-J2 cells via RT-qPCR. (F) ssc-let-7i-5p expression in different tissues of healthy piglets by RT-qPCR. Different lowercase letters indicate highly significant differences between groups (p < 0.01). * p < 0.05, ** p < 0.01. 
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Figure 6. Overexpression of ssc-let-7i-5p alleviated CPB2 toxin-triggered apoptosis in IPEC-J2 cells. (A) ssc-let-7i-5p overexpression efficiency via RT-qPCR. (B) ssc-let-7i-5p knockdown efficiency via RT-qPCR. (C) Cell viability through CCK-8. (D) Cell proliferating by EdU staining. (E) Percentage of positive proliferating cells. (F–H) PCNA, CDK4 and cyclinB levels through RT-qPCR. (I) Cell apoptosis by Hoechst 33258 staining. (J,K) Bcl2 and Bax mRNA expression via RT-qPCR. (L–N) Bcl2 and Bax protein expression through Western blot. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 7. Elevated ssc-let-7i-5p ameliorated IPEC-J2 inflammatory damage and barrier dysfunction induced by CPB2 toxin. (A–D) TNF-α, IL-1β, IL-8 and IL-10 levels via ELISA. (E) LDH activity. (F) ROS level. (G) SOD activity. (H–I) ZO-1 and E-cadherin mRNA expression through RT-qPCR. (J–L) ZO-1 and E-cadherin protein expression through Western blot. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 8. ssc-let-7i-5p directly targeted IL-6. (A) Binding sites of ssc-let-7i-5p to IL-6. (B) Fluorescence activity through dual-luciferase reporter assay. (C,D) IL-6 mRNA and protein expression after ssc-let-7i-5p overexpression and knockdown by RT-qPCR and Western blot. (E–G) IL-6 mRNA and protein expression in IC, IS and IR groups by RT-qPCR and Western blot. (H,I) IL-6 mRNA and protein expression in CPB2 toxin-infected IPEC-J2 cells via RT-qPCR and Western blot. (J) IL-6 expression in different tissues of healthy piglets by RT-qPCR. Different lowercase letters indicate highly significant differences between groups (p < 0.01). * p < 0.05, ** p < 0.01. 
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Figure 9. Overexpression of lnc001776 facilitated CPB2 toxin-induced apoptosis in IPEC-J2 cells by ssc-let-7i-5p/IL-6 axis. (A–D) IL-6 overexpression and knockdown efficiency via RT-qPCR and Western blot. (E) Cell viability through CCK-8. (F) Cell proliferating by EdU staining. (G) Percentage of positive proliferating cells. (H) PCNA, CDK4 and cyclinB levels through RT-qPCR. (I) Cell apoptosis by Hoechst 33258 staining. (J) Bcl2 and Bax mRNA expression via RT-qPCR. (K,L) Bcl2 and Bax protein expression through Western blot. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 10. Elevated lnc001776 enhanced CPB2 toxin-triggered inflammatory injury and barrier dysfunction in IPEC-J2 cells via ssc-let-7i-5p/IL-6 axis. (A) TNF-α, IL-1β, IL-8 and IL-10 levels via ELISA. (B) LDH activity. (C) ROS level. (D) SOD activity. (E) ZO-1 and E-cadherin mRNA expression through RT-qPCR. (F,G) ZO-1 and E-cadherin protein expression through Western blot. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 11. Overexpression of lnc001776 activated JNK/NF-kB pathway via ssc-let-7i-5p/IL-6 axis. (A,B) JNK, p-JNK, NF-kB/p65 and p-NF-kB/p65 protein levels after overexpression and knockdown of lnc001776. (C,D) JNK, p-JNK, NF-kB/p65 and p-NF-kB/p65 protein levels after overexpression and knockdown of ssc-let-7i-5p. (E,F) JNK, p-JNK, NF-kB/p65 and p-NF-kB/p65 protein levels after simultaneous overexpression of lnc001776, ssc-let-7i-5p and IL-6. ns: not significant. * p < 0.05, ** p < 0.01. 
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Figure 12. lnc001776/ ssc-let-7i-5p / IL-6 regulatory axis regulates CPB2 toxin-induced IPEC-J2 cell damage through the JNK/NF-kB pathway. lnc001776 upregulates IL-6 expression through adsorption of ssc-ssc-let-7i-5p, activates the JNK/NF-kB pathway, stimulates apoptosis and inflammatory responses, disrupts intestinal epithelial barrier function and, ultimately, exacerbates CPB2 toxin-induced IPEC-J2 cell damage. 
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