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Early weaning increased the economic benefits of piglets. However, early weaning damages the intestinal barrier of piglets and causes immunological stress. The mechanism by which Hippophae rhamnoides polysaccharide (HRP) alleviates lipopolysaccharide (LPS)-induced intestinal porcine epithelial cells (IPEC-J2) inflammatory damage was investigated using proteomics in our previous studies. In this study we employed RNA-sequencing (RNA-seq) to determine the level and function of differentially expressed genes (DEGs) and further explore the mechanism of the HRP anti-inflammatory and immune process. The differential expression analysis indicated that 3622, 1216, and 2100 DEGs in the IPEC-J2 cells were identified in C vs. L, L vs. H6-L, and C vs. H6-L, respectively. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis foundsix identified pathways related to the immune system. Additionally, we used the Science, Technology, Engineering, and Math (STEM) program to categorize the 3,134 DEGs that were differentially expressed in H2-L, H4-L and H6-L into eight possible expression profiles, in which 612 were clustered into two profiles. The accuracy and consistency of RNA-seq data were validated by the results of qRT-PCR of the nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (NFKB2), MAP kinase interacting serine/threonine kinase 2 (MKNK2), mitogen-activated protein kinase kinase 1 (MAP2K1), mitogen-activated protein kinase kinase kinase 8 (MAP3K8), Ras-related protein R-Ras (RRAS), TNF receptor-associated factor 1 (TRAF1), NF-kappa-B inhibitor alpha (NFKBIA), interleukin 8 (IL8), tumor necrosis factor, alpha-induced protein 3 (TNFAIP3), and transforming growth factor beta-1 (TGFB1). Transcriptome sequencing also indicated that HRP reduced the expression levels of related DEGs and inhibited the activation of the mitogen-activated protein kinase (MAPK)/nuclear factor kappa-B (NF-κB) signaling pathway. Our findings indicate that the application of HRP in piglet diets during the early weaning period can improve intestinal epithelial function and integrity, and relieve intestinal damage, and improve piglet health.
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INTRODUTION

With the acceleration of the large-scale and intensified process of pig production, early weaning techniques for piglets have been gradually implemented (1). Weaned piglets are affected by stresses such as nutrition, immunity, and environment, and piglets have early weaning syndromes such as reduced feed utilization, poor growth, and diarrhea (2, 3). Piglet weaning is accompanied by the occurrence of intestinal inflammation, which causes a series of negative reactions in the incompletely developed intestinal tracts of piglets, such as intestinal mucosal injury, intestinal villi damage, and intestinal wall injury, Intestinal inflammation also affects the digestive and absorptive function of the intestinal tract in piglets and leads to sluggish growth, diarrhea, and even death, causing great economic losses to the swine industry (4). The intestinal mucosa is the host's first line of defense against pathogenic microorganisms. Intestinal epithelial cells (IECs) are an important part of the intestinal mucosal barrier (5, 6). Injury to IECs is an important pathological basis for intestinal dysfunction. IECs can produce severe immune stress in a variety of physiological, pathological, dietary, or environmental conditions, and the accumulation of excessive inflammatory cytokines can damage intestinal epithelial cells, resulting in intestinal dysfunction. Therefore, the key to reducing the diarrhea rate and improving the production performance of weaned piglets is to reduce weaning stress and protect the intestinal structure and function of piglets (7). Seeking immunostimulants to promote growth and reduce the intestinal inflammation caused by weaning has become a hot scientific issue.

In recent years, plant extracts as immunomodulators have received worldwide attention due to their nutritional and medicinal potential (8, 9). Hippophae rhamnoides L. (sea buckthorn) is a traditional medicinal plant (10). H.rhamnoides extracts have shown antioxidant, anti-inflammatory, and anti-viral effects by decreasing cytotoxicity and reactive oxygen species (ROS) generation (11, 12). A recent study showed that Hippophae rhamnoides polysaccharide (HRP) protected mice livers from CCl4-induced damage through its anti-inflammatory effect and the modulation of the balance between anti-inflammatory cytokines inimmune cells (13). The protective mechanism of chitosan oligosaccharide against LPS-induced inflammatory responses in IPEC-J2 and in mice with DSS dextran sulfate sodium-induced colitis is reported (14). In our previous study, the role of several key regulatory genes and proteins involved in HRP immunoregulation was examined (15, 16). However, the composition and mechanisms of the underlying global regulatory networks at the transcriptome levels are still poorly understood. To confirm the pre-protective effect of HRP on lipopolysaccharide (LPS)-induced intestinal porcine epithelial cells (IPEC-J2) in terms of anti-inflammatory or immunoregulatoryproperties, the pathways enriched by differentially expressed genes (DEGs) should be biologically validated. We employed RNA-sequencing (RNA-seq) to determine the abundance and function of genes (17, 18) and lay the foundation for further study of the anti-inflammatory immune response of HRP in order to provide a theoretical basis and technical support for the treatment and prevention of diseases such as diarrhea caused by intestinal damage in early-weaned piglets.



MATERIALS AND METHODS


Materials

HRP, ≥98% (HPLC) purchased from Nanjing Zelang Biological Technology Co., Ltd., China. HRP was extracted by water decoction and alcohol precipitation as described previously (19, 20). The protein in the filtrate was removed primarily by the Sevage method, HRP was purified on a Sephadex G150 gel (Pharmacia) and the purity was also verified by HPLC. HRP consists of 70% carbohydrate and 14.2% uronic acid. The polysaccharide is composed of mannose, arabinose, glucose, galactose and rhamnose with a ratio of 2.02:1.02:4.24:1:9.22 as the indication of chromatographic analysis of HRP (19).



Cell Culture and Treatment

The IPEC-J2 cell line source and cells culture method was as described in our previous study (21). HRP was pretreated for 24 h. Subsequently, cells were exposed to LPS for 16 h. The cells were collected, and quickly frozen in liquid nitrogen, and stored at −80°C for future transcriptome analysis. This study included five treatments C represents the control group IPEC-J2 cells without treatment. L represents the treatment group of IPEC-J2 cells induced by 10 μg/mL LPS. H2-L, H4-L, and H6-L represent the pre-treatment of IPEC-J2 cells with 200, 400, and 600 μg/mL HRP, respectively, followed by treatment with 10 μg/mL LPS. The HRP and LPS concentrations used were based on the results of our previous articles (16, 17).



Total RNA Extraction, cDNA Library Construction, and RNA-seq

According to the manufacturer's instructions, TRIzol reagent was used to extract RNA from the IPEC-J2 cells in different groups. cDNA library construction and RNA-seq were as described by Shao et al. (17).



Bioinformatics Analysis

High quality clean reads were obtained by removing reads containing adapters, more than 10% unknown nucleotides (N), and low-quality reads containing more than 50% low quality (Q-value ≤ 20) bases. The short reads alignment tool Bowtie2 (22) was used to map reads to the ribosome RNA (rRNA) database. The rRNA mapped reads were removed. The remaining reads were further used in the assembly and analysis of the transcriptome. Gene abundances were quantified by the RSEM software (23). Transcript abundance was normalized to fragments per kilobase of exon model per million mapped reads (FPKM). DEGs between groups were analyzed using the DEGs R package (http://www.rproject.org/). Genes with fold change (FC) >1.2 and a false discovery rate (FDR) <0.02 were considered significant. Significant enrichment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways determined the most important biochemical metabolic pathways and signal transduction pathways that the protein participated in. The KEGG website (http://www.kegg.jp/kegg/) was used to query the immune-related signal pathways involved in significantly differently changed genes, and heat map analysis was performed on the significantly differentially expressed genes involved in immune-related signal pathways. For each treatment group, it is included three replicates to increase reliability of the data.



Verification of Transcriptome Data Using qRT-PCR

To validate the accuracy of the RNA-seq data, the DEG expressions for the nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (NFKB2), MAP kinase interacting serine/threonine kinase 2 (MKNK2), mitogen-activated protein kinase kinase 1 (MAP2K1), mitogen-activated protein kinase kinase kinase 8 (MAP3K8), Ras-related protein R-Ras (RRAS), TNF receptor-associated factor 1 (TRAF1), NF-kappa-B inhibitor alpha (NFKBIA), interleukin 8 (IL8), tumor necrosis factor, alpha-induced protein 3 (TNFAIP3), and transforming growth factor beta-1 (TGFB1) were determined by qRT-PCR analyses as described previously (16). We focused on the 600 μg/mL concentration of H. rhamnoides polysaccharide to pre-treat the IPEC-J2 cells in the following results (16, 21). The primers for the selected genes are listed in Supplementary Table S1.



Statistical Analysis

For the qPCR analysis, all data analyses were performed by using SPSS software (SPSS version 20.0, Chicago, IL, USA). Tukey's multiple range test was used to compare the mean values (P < 0.05) to indicate significant differences and the results were expressed as mean ± SD.




RESULTS


Transcriptome Profiles

The aggregate of 356,912,016 raw reads were accumulated by using the High-throughput RNA sequencing to do the paired-end sequencing of the fifteen constructed libraries. After quality control, assessment of contaminated rRNA and low-quality sequences, 356,207,308 qualified Illumina reads were obtained. Approximately 97.44% of the clean reads were mapped to the reference genome and then used for further gene expression analysis (Table 1). We focused on C, L, and H6-L samples in the following experiment.


Table 1. Summary statistics for sequence quality and alignment information of IPEC-J2 cells sample in every group.
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DEGs were identified using digital gene expression tags. The expression analysis indicated that 3,622, 1,216, and 2,100 DEGs in the IPEC-J2 cells were identified in C vs. L, L vs. H6-L, and C vs. H6-L, respectively (FC >1.2 and FDR <0.02) The most DEGs were identified from C to L (Figures 1A–D and Supplementary Tables S2–S4). These results demonstrated that number of inflammatory cytokines were accentuated after LPS induction. However, number of inflammatory cytokines in HRP pre-treated groups were significantly reduced. The volcano plot shows that HRP plays an important role in the immune regulation of cellular inflammatory damage.


[image: Figure 1]
FIGURE 1. Analysis of the volcano plotof DEGs (A–C). Upregulated genes are shown in red, down-regulated genes are shown in blue, and genes with no significant difference in expression are indicated in black, significance was indicated by P < 0.05. DEGs statistics in the comparison group (D).




Functional Enrichment of DEGs

DEGs were categorized into three Gene Ontology (GO) groups: biological process, cellular component, and molecular function. In the biological process group, many DEGs were categorized as the cellular process, single-organism process, and metabolic process. In the cellular component group, many DEGs were categorized as the cell, cell part and organelle. In the molecular function group, many DEGs were categorized as the binding, catalytic activity, and transporter activity (Figures 2A–C and Supplementary Tables S5–S7).


[image: Figure 2]
FIGURE 2. The GO analysis of the DEGs in IPEC-J2 cells. Classification of identified genes based on functional annotations using GO analysis are shown for comparisons between the L treatment and C (A), H6-L treatment and L alone (B), H6-L treatment and C (C).


As shown in Figures 3A–C and Supplementary Tables S8–S10, in C vs. L, 1,442 DEGs were mapped into 322 KEGG pathways. The key pathways were Apoptosis (ko04210) and the NF-kappa B signaling pathway (ko04064). In L vs. H6-L, 531 DEGs were mapped into 307 KEGG pathways. The key pathways were MAPK (ko04010), NF-kappa B (ko04064), TNF (ko04668), Apoptosis (ko04210), HIF-1 (ko04066), and the TGF-beta signaling pathway (ko04350). In C vs. H6-L, 892 DEGs were mapped into 318 KEGG pathways. The key pathway was the IL-17 signaling pathway (ko04657).


[image: Figure 3]
FIGURE 3. Top 20 pathway enrichment in KEGG pathway analysis. (A) C vs. L. (B) L vs. H6-L. (C) C vs. H6-L. The greater the rich factor, the higher the degree of enrichment. The Q value ranges from 0 to 1 and the closer it is to zero, the more significant.




Heat Map of the DEGs Related to Immune Pathways in L vs. H6-L

In Figure 4 and Table 2, the sample gene expression of the C and L, L and H6-L, C and H6-L groups is shown using a pseudo color scale, with high levels of expression shown in red and low levels shown in blue. The results showed that most of the gene expression levels were down-regulated after HRP pre-treatment compared with the LPS group. The Log2-fold change and p-value statistics of DEGs related to the main immune pathways in the L-vs.-H6-L group are shown in Table 3. This data indicated that genes were significantly expressed in six immune pathways.


[image: Figure 4]
FIGURE 4. A heat map of the DEGs related to immune pathways in IPEC-J2 cells. The sample gene expression of the C (C1–C3) and L (L1–L3), L (L1–L3) and H6–L (H6-L-1-H6-L-3), C (C1–C3), and H6-L (H6-L-1-H6-L-3) groups is shown using a pseudo color scale, with high levels of expression shown in red and low levels shown in blue.



Table 2. Significant differentially expressed genes related to the main immune pathways in the L-vs-H6-L comparison group.
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Table 3. Log2-fold change and p-value statistics of significant differentially expressed genes related to the main immune pathways in the L-vs-H6-L group.
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Cluster Analysis of DEGs Among the Three HRP Concentrations

To determine the gene expression trajectories, we used the STEM program to categorize the 3,134 DEGs that were differentially expressed in H2-L, H4-L, and H6-L into eight possible expression profiles (P < 0.05) (Figures 5A,B, 6A–H, and Supplementary Table S11), in which 612 were clustered into two profiles (P ≤ 0.05), including two up-regulated patterns (Profile 6 and Profile 7). Profile 6 and 7 contained 452 and 160 DEGs, respectively. The consistent up-regulation of genes of Profile 6 in H2-L, H4-L, and H6-L indicated that DEGs may contribute to stimulatory functions during the polysaccharide anti-inflammatory function. The up-regulated genes of Profile 7 between only H2-L and H4-L revealed that these DEGs played a key role in the anti-inflammatory process. There was no significant difference in the up-regulated genes between H4-L and H6-L.


[image: Figure 5]
FIGURE 5. (A) Eight profiles of DEGs with unique expression alterations over H2-L, H4-L, and H6-L. The profile number and the number of genes are shown on top of each square. The number of genes assigned is used to order the profiles. The profiles with color (P < 0.05): significant enrichment trend. The profiles without color: non-significant enrichment trend. (B) Trend DEGs number and P-value histogram. X-axis indicates the eight profiles; Y-axis shows DEGs number of every profile. The color of the column represents P-value.
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FIGURE 6. DEGs expression profiles (A–H) in the IPEC-J2 cells induced by LPS after HRP pre-treatment. (A,B), (C,D), (E,F), and (G,H) are two antagonistic profiles of DEGs curves, respectively. Each X-axis indicates the concentration of HRP pre-treated IPEC-J2 cells (H2-L, H4-L, and H6-L), Y-axis shows expression changes.




KEGG Pathway Enrichment Analysis of Differentially Expressed Genes Among the Three HRP Concentrations

A total of 11.1% (940/8,499) of the DEGs could be annotated. As shown in Table 4, the metabolic pathways (ko01100), Cytokine-cytokine receptor interaction (ko04060), Neuroactive ligand-receptor interaction (ko04080), Pathways in cancer (ko05200), Olfactory transduction (ko04740), PI3K-Akt signaling pathway (ko04151), Calcium signaling pathway (ko04020), Human papillomavirus infection (ko05165), Jak-STAT signaling pathway (ko04630), and Systemic lupus erythematosus (ko05322) pathways were significantly enriched. The 13 genes among 125 DEGs (22.40%) in Profile 6, and five genes accounting for 11.63% of 43 DEGs in Profile 7 were annotated to the cytokine-cytokine receptor interaction. The three genes among 125 DEGs (2.40%) in Profile 6, and two genes accounting for 4.65% of 43 DEGs in Profile 7 were annotated to the PI3K-Akt signaling pathway. The seven genes among 125 DEGs (5.60%) in Profile 6, and two genes accounting for 4.65% of 43 DEGs in Profile 7 were annotated to the Jak-STAT signaling pathway.


Table 4. 10 top KEGG pathways with high representation of the DEGs.
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Validation of RNA-seq Data Using qRT-PCR

Ten genes (NFKB2, MKNK, MAP2K1, MAP3K8, RRAS, TRAF1, NFKBIA, IL8, TNFAIP3, and TGFB1) were selected for qRT-PCR analysis.The results showed a strong correlation between the RNA sequencing data and the qRT-PCR data (Figure 7). This suggested that the expression results generated by RNA sequencing were reliable.


[image: Figure 7]
FIGURE 7. Candidate unigene expression levels revealed by qRT-PCR (left side) and RNA-seq (right side). Data from qRT-PCR are means of five replicates and bars represent SD.





DISCUSSION

In the current piglet production system, early weaning is an important means to improve the efficiency of pig production (24, 25). However, early weaning is very stressful to piglets, and can easily cause piglet immune stress and affect the healthy growth of piglets. How to alleviate the immune stress of piglets has become an area of concerning the piglet industry (26, 27). Hippophae rhamnoides extracts are widely used to enhancing immunity in both healthy and diseased animals (28). Polysaccharide is the main active ingredient of H.rhamnoides. HRP has been shown to have immunomodulatory effects (10). No research has been conducted on the molecular mechanism of HRP in piglets by transcriptome sequencing. Variation in gene expression may provide a key to uncovering the mechanisms of diseases. Transcriptome sequencing, also called RNA-seq, provides a new technique to quantify whole-genome expression profiling in any organism. It promises digital transcriptome profiling with high resolution and is rapidly replacing microarray technology (29, 30). Studies have used RNA-seq technology to explore the protective mechanism of IPEC-J2 cells stimulated by LPS after astragalus polysaccharide (APS) pretreatment. APS relieves cell damage by inhibiting the activation of the MAPK and NF-κB inflammatory pathways, thereby reducing intestinal inflammation (31). Cluster analysis revealed 3134 DEGs that were differentially expressed in H2-L, H4-L, and H6-L into eight possible expression profiles, in which 168 were clustered into two profiles. The up-regulated genes of Profile 6, only between H2-L and H4-L, revealed that these DEGs played a key role in the anti-inflammatory process. The consistent up-regulation of genes of the Profile 7 in H2-L, H4-L, and H6-L indicated that DEGs may contribute to stimulatory functions during the polysaccharide anti-inflammatory process. KEGG enrichment analysis found that the six identified pathways were related to the immune system. Among the six identified pathways related to the immune system, the MAPK signaling pathway and NF-κB signaling pathway play important immunomodulatory roles in our study. Finally, we selected 10 DEGs (NFKB2, MKNK2, MAP2K1 (MEK1), MAP3K8, RRAS, TRAF1, NFKBIA, IL8, TNFAIP3, and TGFB1) related to the main immune pathways to validate the RNA-Seq data using qRT-PCR.

The downstream signal transduction pathways mediated by LPS mainly include the NF-κB signal transduction pathway and the MAPK signal transduction pathway (32). Extracellular regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38 MAPK) belong to the three subtypes of the MAPK signaling pathway (33). The Ras/Mitogen-activated protein kinase kinase (MEK)/ERK pathway is one of the most important signal transduction pathways among the MAPK pathways. The Ras/MEK/ERK pathway involves the regulation of a variety of physiological functions of cells and plays a key role in the pathogenesis and pathophysiology of various diseases (34). The activation of ERK is a key step in transferring signals from surface receptors to the nucleus. The activation of ERK induced by LPS leads to the secretion of large amounts of tumor necrosis factor-alpha (TNF-α), as well as interleukin-6 (IL-6) and IL-8, and increases the expression of inducible nitric oxide synthase and nitric oxide. Son of Sevenless (SOS) binds to RRAS-Guanosine diphosphate (GDP), prompting guanosine triphosphate (GTP) to replace GDP on RRAS and activate RRAS protein, then activate MEK and ERK sequentially. In recent years, some initial reports on targeting SOS to inhibit the activation of RRAS, thereby inhibiting the activation of the MAPK signaling pathway, have also achieved satisfactory results (35). The activation of ERK promotes the secretion of MKNK. MKNK is an important downstream protein kinase of ERK that has an important immunomodulatory function. MKNK dysfunction can inhibit the inflammatory signal of upstream ERK and affect downstream eIf4E and CREB and other effector proteins, thereby preventing cell inflammation. MAP3K8 is essential for the activation of the intracellular MAPK/ERK pathway induced by LPS in cells (36). Therefore, MAP3K8 is a critical factor for the production of pro-inflammatory cytokines during immune responses (37). Therefore, in our study, the results showed that MKNK2, MAP2K1, MAP3K8, and RRAS gene expression levels were down-regulated after HRP pre-treatment compared with the LPS group. The reduction of MKNK2, MAP2K1, MAP3K8, and RRAS gene levels plays an important immuno-regulatory role in HRP alleviating LPS-induced cell damage.

LPS, a trigger of inflammation, can activate the NF-κB signaling pathway (38). NFKBIA is a specific inhibitor of NF-κB that binds to NF-κB at a resting state to cause NF-κB to enter an inactive state. Phosphorylated NFKBIA is separated from NF-κB, and NF-κB is activated. Activated NF-κB migrates to the nucleus, where NF-κB nuclear transcription factor can up-regulate the levels of inflammation-related genes TNF, IL-6, and IL-8 and down-regulate the level of TGFB1 (39). Studies have proven that LPS promotes the degradation of NFKBIA, activates the DNA binding ability of NF-κB, and regulates the gene expression level of cytokines (40). Moreover, TRAFs are key regulatory proteins in NF-κB signaling pathways. TRAF1 enhances the activation of TNF-R2 induced by NF-κB (41), therefore promoting the release of a large number of inflammatory cytokines. A previous study showed that TRAF1 is over-expressed in a variety of lymphoma and leukemia cell lines and is a crucial mediator of diverse oncogenic signaling in the development of lymphoid malignancies. TNFAIP3 is a cytokine-induced protein that inhibits apoptosis and activates NF-κB (42). The main function of TNFAIP3 is to inhibit the activity of NF-κB and inhibit TNF-mediated apoptosis, thereby having an important impact on immune regulation and inflammatory processes (43, 44). The release of NFKB2, TRAF1, NFKBIA, IL8, and TNFAIP3, as important regulatory genes of NF-κB, can activate the upstream pathway NF-κB. Jayashankar et al. found that the intervention of supercritical carbon dioxide extract from seabuckthorn leaves can inhibit the expression levels of TNF-α and IL-6 after LPS-induced inflammatory damage, inhibit the activation of the MAPK/NF-κB signaling pathway, reduce inflammation, and play a immunomodulatory role (45). Our study indicated that NFKB2, TRAF1, NFKBIA, IL8, and TNFAIP3were increased and TGFB1 was reduced after LPS induction. However, after HRP pre-treatment, the gene expression level showed the opposite trend and they played an important immune-regulatory role in HRP alleviating LPS-induced cell damage, which provided more targets and prevention directions for theoretical and basic research on intestinal health. Studies have shown that APS may block radiation-induced bystander effects (RIBE) in bone mesenchymal stem cells (BMSCs) induced by the irradiated A549 through regulating the MAPK/NF-κB pathway (46).



CONCLUSIONS

This study was the first using a RNA-Seq technique to establish a dynamic transcriptomic profile of three stages (C, L, and H6-L) related to pre-treatment with HRP followed by challenge with LPS in IPEC-J2 cells. Subsequently, bioinformatics analysis (GO, KEGG, and series cluster) helped us to identify key regulatory genes (IL8 and NFKB2, among others.) related IPEC-J2 cellular immune regulation. Transcriptome analysis also showed that HRP protected IPEC-J2 cells from LPS-induced inflammation and decreased the expression of inflammatory cytokines by mainly inhibiting the MAPK/NF-κB signaling pathway. This study does not only provide the useful transcriptomic reference for HRP to effectively protect LPS-induced inflammatory damage in IPEC-J2 cells, but also provides a benchmark for the discovery of biomarkers related to HRP immune regulation.
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