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20-Hydroxyl-3-oxolupan-28-oic acid (HOA), a minor component from Mahonia bealei (Fort.) Carr. leaves, has been found to attenuate inflammatory responses. However, the underlying molecular mechanism is still unclear. In this study, we performed a comprehensive transcriptional study to investigate genetic changes. We used RNA sequencing technology to analyses the transcriptional changes in RAW 264.7 cells in a control group, lipopolysaccharide (LPS)-induced group, and HOA-treated group. We identified 1,313 and 388 differentially expressed genes (DEGs) in the control/LPS group and LPS/HOA group, respectively. Gene Ontology (GO) classification revealed that the DEGs were mainly enriched in a series of inflammatory and immune-related processes. The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses showed that the DEGs were mainly enriched in inflammatory-related pathways such as the nuclear factor-kappa B (NF-κB) signaling pathway, cytokine-cytokine receptor interaction, chemokine signaling pathway, mitogen-activated protein kinase (MAPK) pathway, and Janus kinase-signal transducer and activator of transcription proteins (JAK-STAT) signaling pathway. The results of qPCR validation revealed that dynamic changes in immune-related mRNAs such as Saa3, Bcl2l1, Mapkapk2, Ccl9, Sdc4, Ddx3x, Socs3, Prdx5, Tlr4, Lif, IL15, Tnfaip3, Tet2, Tgf-β1, and Ccl20, which were significantly upregulated in the LPS group and downregulated in the HOA group. Taken together, these results suggest that HOA may be used as a source of anti-inflammatory agents as well as a dietary complement for health promotion.
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INTRODUCTION

Inflammation, as a defense system, is an extremely important process that protects the body from bacterial, viral, and fungal infections (Guinane and Cotter, 2013). The moderate inflammatory response can remove foreign body antigens, necrotic tissue, and injury factors, and an appropriate number of inflammatory factors can participate in the regeneration of damaged tissues, which are conducive to wound repair and healing (Pappas et al., 2013). However, excessive inflammatory reactions can destroy normal tissues and cells, and induce various inflammatory diseases such as atherosclerosis, cardiovascular disease, sepsis, diabetes, and arthritis (Pan et al., 2010; Du et al., 2019). The spread of inflammation can further induce an acute systemic inflammatory response. Macrophages play a crucial role in the occurrence, maintenance, and elimination of inflammation. When stimulated, macrophages produce a variety of cytokines and inflammatory-related enzymes, such as interleukin-1 (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and nitric oxide (NO) (Hu et al., 2016a; Li et al., 2016, 2019). Inhibiting the excessive production of these inflammatory mediators may play a beneficial role in inflammatory diseases.

With the development of second-generation sequencing technology, transcriptomics has entered a period of rapid development. RNA sequencing (RNA-seq) technology can comprehensively and deeply record the sequences of mRNA, small RNA, and non-coding RNA (ncRNA). Compared to the traditional hybrid sequencing method, RNA-seq can reveal the exact location of the transcriptional boundary and achieve single-base resolution (Levy and Myers, 2016). It can also describe the multi-functional elements such as exons, introns, and transcriptional initiation sites in the genome, and display the sequence changes in the transcriptional region (Kukurba and Montgomery, 2015). In addition, new transcripts and splice sites can be found, and gene expression and differential expression analyses of transcripts under different conditions can be quantified. Finally, the functions of non-coding regions, such as microRNA, non-coding long RNA, and RNA editing, can be discussed (Wang et al., 2016). The application of this technology can provide more rapid and accurate biological transcription data in humans. RNA-seq has been used to study the transcriptomes of Arabidopsis thaliana, mice, and humans (Zhang et al., 2019).

Mahonia, a flowering evergreen tree of the family Berberidaceae has been reported to show a variety of biological activities, including anti-bacterial, antioxidant, anti-proliferation, and anti-inflammatory effects (Hu et al., 2011). In previous work, we isolated a lupane-type triterpene, 20-hydroxy-3-oxolupan-28-oic acid (HOA), from the dichloromethane fraction of Mahonia bealei (Fort.) Carr leaves, which has an obvious anti-inflammatory effect in RAW 264.7 cells (Hu et al., 2016b; Cao et al., 2019). However, the precise mechanism of its action is still unclear. In this study, RNA-seq was used to detect genomic changes induced by HOA in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells. The sequencing results lay a foundation for further studies of the anti-inflammatory mechanism of HOA.



MATERIALS AND METHODS


Materials

Experiments were performed with the RAW 264.7 cell line, obtained from the American Type Culture Collection (Rockville, MD, United States). TRIzol reagent used to separate RNA was purchased from Ambion (Austin, TX, United States). The fetal bovine serum (FBS) was from Corning (Medford, MA, United States). The RPMI1640 medium was from Gibco BRL (Life Technologies, China). Penicillin-streptomycin solution (10,000 unit/10,000 μg/mL) was purchased from Invitrogen-Gibco (Carlsbad, CA, United States). SYBR real-time PCR kit was obtained from Bio-Rad (Hercules, CA, United States).



Extraction and Isolation

The HOA used in the experiment was separated from the leaves of M. bealei (Figure 1). Briefly, the active fraction was prepared as our pervious literature under the active-guide isolation way (Hu et al., 2016b). Forty-gram of CH2Cl2 fraction was then subjected to a silica gel with a gradient solvent system of hexane/CH2Cl2 (5:1-1:2) affording 11 fractions based on TLC analysis. Fra 8 was further purified by preparative HPLC to afford HOA (21.0 mg) and the purity of HOA was about 97% determined by high performance liquid chromatography (HPLC).


[image: image]

FIGURE 1. Chemical structure of HOA.




RAW 264.7 Cells Culture and HOA Treatment for RNA-Seq Experiment

RAW 264.7 cells were maintained in RPMI 1640 medium supplemented with 10% FBS and 1% antibiotics (v/v) at 37°C in 5% CO2 atmosphere. For the RNA-Seq and RT-qPCR validation experiments, cells were pre-treated with 40 μg/mL HOA for 30 min and then incubated with LPS (1 μg/mL) for 6 h. Total RNA was extracted using TRIzol reagent according to the manufacturer’s protocol.

The quantitative and qualitative analysis of RNA was carried out with 1% agarose gel, and the degradation and pollution of RNA were monitored. The purity of RNA was determined by the Nano-Drop One (Thermo Fisher Scientific, Waltham, MA, United States). RNA concentration was measured using Nano and the integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States).



RNA-Seq Library Construction and Sequencing

Approximately 1 μg of RNA per sample was used for the RNA sample preparations. Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. In simple terms, RNA fragments are reversely transcribed and amplified into double-stranded cDNA, which is then connected to a NEBNext adapter with a hairpin ring structure. PCR products were purified by magnetic bead method and library quality was evaluated on Agilent Bioanalyzer 2100 system. Sequencing were performed on Illumina HiseqTM4000.



RNA-Seq Data Analysis

In order to ensure the quality of the data for the following analysis, the raw data of nine samples were firstly processed through in-house perl scripts. In this step, clean data were obtained by removing reads containing adapter, reads containing ploy-N and low quality reads from raw data. At the same time, Q20, Q30, and GC content the clean data were calculated. All the downstream analyses were based on the clean data with high quality.



Differentially Expressed Genes (DEGs)

The differential expression of C/LPS and LPS/HOA genes was analyzed by DESeqR package (1.18.0). DESeq provides a model for detecting negative binomial distribution to determine the expression of differentially expressed genes between each two groups.

The p-value of the result was assigned to each gene, carramine and Hochberg were used to control the error detection rate. The differential expression genes were screened under the conditions of fold change (FC) ≥ 2 and FDR < 0.05.



GO and KEGG Pathway Enrichment Analysis of Differentially Expressed Genes

The DEGs were referred to the DAVID1 v6.7 for gene ontology (GO) and pathway analysis. GO terms with corrected p-value less than 0.05 were considered significantly enriched by DEGs. Pathway enrichment was determined using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway annotation. Pathways were considered enriched with p < 0.05.



Reverse-Transcribed and Quantitative PCR (RT-qPCR)

To validate the RNA sequencing data, 15 differential expression genes in the Control group, LPS-induced group and HOA pre-treated group were selected for RT-qPCR analysis. cDNA was synthesized as described previously (Shen et al., 2017). A 20 μL PCR reaction mixture was prepared using a SYBR Green PCR Kit (Bio-Rad, Foster City, CA, United States) with four micrograms of cDNA as a template. After mixing, the PCR reaction was performed using CFX-96TM Real-Time instrument (Bio-Rad, Foster City, CA, United States). The GAPDH gene was used as a house keeping gene to normalize the expression level of the test gene, and the relative gene expression level was analyzed using the 2–ΔΔ CT CT method. All of the primers were synthesized by Sangon Biotech (Shanghai, China) and were listed in Table 1. All of the samples were analyzed in triplicate.


TABLE 1. Primer sequences of real-time qPCR assay.
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Data Analysis

Data were presented as the mean ± standard deviation (SD). The significance was analyzed between the two groups using Student’s t-test and multigroup comparisons were compared using one-way analysis of variance (ANOVA). P-values of less than 0.05 were considered significant.



RESULTS


mRNA Data Generation and Gene Comparison

The HiSeq TM 4000 was used for sequencing. We obtained 27,805,302 (98.297%), 26,990,712 (98.76%), and 29,943,562 (98.67%) clean reads in the control, LPS, and HOA groups, respectively (Table 2). The proportions of Q30 in the three samples were more than 92%. Therefore, the quality of clean reads obtained was high, and the results met the analysis requirements for subsequent experiments. The gene comparison showed that the rates of clean reads from the control, LPS, and HOA groups relative to the reference genome were 90.77, 92.66, and 93.61%, respectively, indicating that the utilization rate of sequencing data was high.


TABLE 2. Data quality and reference sequence alignment analysis results.
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Response of Differentially Expressed Genes (DEGs) to LPS Induction and HOA Pre-treatment

The differential expression multiple between different samples was determined by the amount of gene expression. Using Log2 fold change ≥ 2 and FDR < 0.05 as criteria, a total of 1,313 DEGs were identified in the Control/LPS group, including 606 upregulated genes and 707 downregulated genes (Figure 1). In addition, 388 DEGs were identified in the HOA/LPS group, including 201 downregulated genes and 187 upregulated genes (Figure 2). DEGs identified in the biological replicates clustered together (Figure 3), indicating good reproducibility of treatments.
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FIGURE 2. Distribution pattern for differentially expressed genes.
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FIGURE 3. Differential gene expression change heat map. Red represents the upregulated genes, green represents the downregulated genes, and black represents no significant difference in genes expression.




GO Enrichment Analyses of DEGs

The DEGs in the control/LPS and HOA/LPS groups were analyzed for GO functional enrichment (Figure 4). Each group of DEGs was annotated into three GO classifications: molecular function, cell components, and biological processes. In the biological process classification, the DEGs in the control/LPS group were mainly enriched in the inflammatory response, the immune system process, response to viruses, and the cellular response to interferon (IFN)-β. In the molecular function classification, the genes related to cytokine activity, protein binding, and chemokine activity significantly changed. In the cellular component classification, membrane, cytoplasm, and extracellular space changed significantly. After RAW 264.7 macrophages were pre-treated with HOA, the DEGs of the biological process classification in the LPS/HOA group were highly enriched in chemotaxis, response to laminar shear stress, positive regulation of GTPase activity and immune response. In the molecular function, the genes related to oxidoreductase, cytokine, and interleukin-1 receptor activity were significantly changed. In the cellular component classification, the external side of the plasma membrane, intrinsic components of the plasma membrane and extracellular space were significantly changed. These processes are involved in the inflammatory and immunomodulatory function of RAW 264.7 macrophages and provide a direction for the identification of DEGS in the future.


[image: image]

FIGURE 4. Gene Ontology (GO) classification for functional enrichment analyses with the differentially expressed genes (DEGs) in C vs. LPS (A) and HOA vs. LPS (B). The top functional enriched classes of DEGs were annotated into three sub-ontology: Biological processes (BP), cell components (CC), and molecular function (MF).




KEGG Pathway Enrichment Analyses of DEGs

Kyoto Encyclopedia of Genes and Genomes pathway analyses of the DEGs in control/LPS and LPS/HOA groups were performed using OmicShare. The DEGs of the two groups were mapped to the KEGG pathway database, and all pathways clustered into six categories: environmental information processing, human diseases, metabolic, organismal systems, cellular process, and genetic information processing. Environmental information processing mainly includes signal transduction, signal molecules and interaction, and membrane transport (Figure 5). A scatter plot was used to show the results of KEGG enrichment analyses. The top 20 signaling pathways enriched in the control/LPS group were biological processes related to inflammation, including the nuclear factor-kappa B (NF-κB) signaling pathway, TNF signaling pathway, toll-like receptor signaling pathway, chemokine signaling pathway, and NOD-like receptor signaling pathway (Figure 6A). In the LPS/HOA group, a total of 17 signaling pathways were enriched, in which NF-κB signaling pathway, cytokine-cytokine receptor interaction, Rap1 signaling pathway, chemokine signaling pathway, and the Janus kinase-signal transducer and activator of transcription proteins (JAK-STAT) signaling pathway were significantly enriched (Figure 6B).
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FIGURE 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways annotation and classification of DEGs in C vs. LPS (A) and LPS vs. HOA (B).
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FIGURE 6. Scatter plot of KEGG pathways enrichment of DEGs in C vs. LPS (A) and LPS vs. HOA (B).




Differential Gene Annotation Into Immune-Related Metabolic Pathways

The DEGs of the control/LPS group and LPS/HOA group were analyzed using KEGG. The results showed that when RAW 264.7 cells were pre-treated with HOA for 30 min, the number of DEGs involved in the metabolic pathway of RAW 264.7 macrophages induced by LPS decreased significantly (Table 3). There were 939 and 151 DEGs involved in the pathway of the control/LPS group and LPS/HOA group, respectively. The number of annotated metabolic pathways in the HOA-treated group was significantly reduced, and there were 54 and 17 annotated metabolic pathways, respectively. By comparing the same inflammatory-related pathway between the two groups, the number of DEGs in the LPS/HOA group decreased in the same inflammatory immune-related pathway.


TABLE 3. Top 10 of KEGG pathways of C vs. LPS and HOA vs. LPS.

[image: Table 3]


Differential Expression Level Analyses

Combined with the GO and KEGG enrichment results, 15 immune-related DEGs were selected for heat mapping (Figure 7). The results of thermography showed that immune-related genes such as Saa3, Bcl2l1, Mapkapk2, Ccl9, Sdc4, Ddx3x, Socs3, Prdx5, TLR4, Lif, IL15, Tnfaip3, TET2, TGF-β1, and CCl20 were significantly upregulated after LPS stimulation, but were downregulated in the HOA pre-treatment group.
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FIGURE 7. Heatmap of 15 representative immune-related DEGs in C vs. LPS and LPS vs. HOA. Red represents the genes expression were upregulated, green represents downregulated, and black represents no significant difference in genes expression.




Verification of the RNA-Seq Data

To verify the accuracy of transcriptional sequencing data, we selected 15 DEGs associated with inflammation and immunity, including Saa3, Bcl2l1, Mapkapk2, Ccl9, Sdc4, Ddx3x, Socs3, Prdx5, TLR4, Lif, IL15, Tnfaip3, TET2, TGF-β1, and CCl20. RT-qPCR showed that the expression of these DEGs was increased (Figure 8), with similar trends as the RNA-seq samples, indicating that the sequencing results were reliable.
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FIGURE 8. RT-qPCR Verification of fifteen differentially expressed genes. RAW 264.7 cells were pretreated with HOA (40 μM) for 30 min, and then stimulated with LPS (1 μg/mL) for an additional of 6 h. The data are presented as means ± SD (n = 3). *indicates a significant difference LPS vs. HOA (p < 0.05). #indicates a significant difference C vs. LPS (p < 0.05).




DISCUSSION

Lupane triterpenes have diverse pharmacological activities such as anti-inflammatory, anti-oxidation, anti-virus, anti-malaria, and immune regulatory effects (Sultana et al., 2003; Saleem, 2009). In addition, they also showed high anti-cancer activities including pancreatic cancer cells, breast cancer cells, melanoma, and prostate cancer cells (Hata et al., 2003; Saleem et al., 2009). Lupeol significantly decreases the expression of RAS protein in the human pancreatic cancer cell line ASPC-1, regulates the protein expression of protein kinase C, phosphatidylinositol 3′-kinase (PI3K)/Akt and mitogen-activated protein kinases (MAPKs), and significantly decreases the activation of the NF-κB signaling pathway (Murtaza et al., 2009). In a previous study, four triterpene acetates and four triterpene cinnamates isolated from the kernel fat of the shea tree effectively inhibited the 12-O-tetradecanoylphorbol-12-acetate-induced inflammation in mice. Lupeol cinnamate had the highest anti-inflammatory activity, including an obvious anti-inflammatory effect on carrageenan-induced paw swelling in rats (Akihisa et al., 2010).

To further prove the anti-inflammatory effects of HOA in macrophages, we also studied its effects on NO production in peritoneal macrophages induced by LPS. It inhibited the production of NO, was induced by LPS in a dose-dependent manner, and had no effect on cell activity, which further proves its anti-inflammatory activity (Cao et al., 2019).

The pathogenesis of inflammation is a complex process involving coordinated gene regulation. To understand the effects of HOA pre-treatment on the occurrence and development of inflammation in RAW 264.7 cells induced by LPS, RNA-seq was performed on normal cells, LPS-induced cells, and cells treated with HOA and LPS. There were significant differences in gene expression among the groups. HOA pre-treatment significantly inhibited the transcription of genes in RAW 264.7 cells induced by LPS compared to the LPS group (Figure 3), indicating that HOA pre-treatment might inhibit the activation and expression of related genes in vitro.

GO enrichment analyses indicated that DEGs in the control/LPS group were mainly enriched in the inflammatory response, immune system process, response to virus, and changes in IFN-β in cells (Figure 4A). This is consistent with the mechanism of action of LPS on macrophages (Mosser and Edwards, 2008). LPS stimulation activates macrophages to produce corresponding inflammatory and immune responses, and studies have shown that TLR4 endocytosis occurs in a dynamin-dependent manner after LPS stimulation, which induces IFN-β production. IFNs are proteins with immune activity, which can activate and regulate immune cells (Medzhitov, 2007). IFN interacts with specific receptors to activate STAT complexes. In the LPS/HOA group, the biological functions of DEGs mainly included chemotaxis, laminar shear stress response, and positive regulation of GTPase activity (Figure 4B). Inflammatory chemokines can modulate leukocytes (such as monocytes and neutrophils) from blood circulation to infection or tissue damage. In vascular endothelial cells, low levels of shear stress promote the secretion of endothelin, and endothelin-1 stimulates the release of other humoral inflammatory factors, cytokines, and leukocyte-releasing factors such as TNF-α and IL-6 (Pinho-Ribeiro et al., 2016). Therefore, the significant enrichment of genes in shear stress may inhibit LPS-induced inflammatory factor production in RAW 264.7 macrophages. Cytokines and inflammatory mediators produced by various stimuli can change the cytoskeleton of vascular endothelial cells (ECs), shrink ECs, and increase their permeability because cytokines and inflammatory mediators can activate GTPase through their corresponding receptors (Krishnamurti et al., 2002). These results suggest that GTPase may play an important role in vascular endothelial barrier dysfunction.

Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses showed that five inflammation-related pathways were screened from both the control/LPS group and LPS/HOA group at the same time, including the NF-κB signaling pathway, cytokine-cytokine receptor interaction, chemokine signaling pathway, the MAPK pathway, and the JAK-STAT signaling pathway (Figure 6). NF-κB is an important regulatory factor of proinflammatory gene expression. Local cells recognize pathogen-associated molecular patterns and release cytokines, which trigger an inflammatory cascade. Cytokines activate NF-κB and promote the localization and activation of macrophages in the infected site (Baker et al., 2010). Activated macrophages produce bacteriostatic molecules, release chemokines and cytokines, and promote macrophage activation and recruitment to damaged tissues. Bacteriostatic molecules work with aggregated white blood cells to kill pathogens and remove infected and dead cells. The NF-κB signaling pathway plays a key role in the development of inflammation-related metabolic diseases in the adipose tissue, central nervous system, and liver (Tornatore et al., 2012). Proinflammatory chemokines are produced by cells and have many biological functions, such as directional migration of leukocytes, inflammatory response, immune response, development and differentiation, and stimulation or inhibition of angiogenesis (Newton et al., 2016). The most important concern is the role of chemokines in inflammatory responses. It gathers white blood cells to the site of infection or injury and participates in leukocyte adhesion, migration, and chemotaxis. Chemokines prevent these cells from rolling and exudate through endothelial cells by inducing the expression of integrin in target leukocytes. Many chemokines have additional housekeeping functions in initiating an adaptive immune response and immune surveillance, and can activate JAK-STAT, MAPK, and protein kinase B pathways, thus regulating the inflammatory response. The JAK-STAT signaling pathway is used by many cytokines, and interferon and plays an important role in the development and function of innate and adaptive immunity (Croker et al., 2008). The JAK-STAT pathway acts as a central fulcrum in cell growth, differentiation, proliferation, and immunomodulation. Various growth factors, protein tyrosine kinases, and cytokines communicate through the JAK-STAT pathway to regulate gene transcription. In the pathogenesis of inflammatory diseases, many cytokines use JAK and STATs to transmit intracellular signals. In addition, MAPK signaling pathways are involved in intracellular inflammatory signaling cascades and are closely related to proinflammatory cytokines and NF-κB transcription activation (Zhou et al., 2016; Long et al., 2018). The MAPK signaling pathways are involved in a series of biological processes from inflammation, proliferation, differentiation, transformation, and apoptosis. These results suggest that LPS might stimulate macrophage activation through a variety of signaling pathways. Cytokine-cytokine interactions play an important role in immune and inflammatory responses. Interactions among proinflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α) play a synergistic role in cytokine production and cytokine activity. Anti-inflammatory cytokines such as IL-1Ra, IL-4, IL-10, and TGF-β1 play an antagonistic role in proinflammatory cytokines (Minciullo et al., 2016). Cytokine balance consists of two parts. The first is the balance in the cytokine system, such as IL-1 increasing the synthesis and secretion of IL-1RA, which may be upregulated by blocking the IL-1 receptor to weaken the harmful effects of IL-1. The other is the balance between different cytokine systems, such as TGF-β1 inhibiting the activities of IL-1 and TNF-α (Rubio-Perez and Morillas-Ruiz, 2012). In the LPS/HOA group, the number of inflammatory immune-related signaling pathways enriched by DEGs in the experimental group pre-treated with HOA decreased. Furthermore, the number of genes enriched in the same signaling pathway decreased, indicating that HOA pre-treatment of RAW 264.7 cells might inhibit LPS-induced activation of inflammatory-related signaling pathways in RAW 264.7 macrophages as well as the expression of some inflammatory-related genes (Table 3). To demonstrate that the DEGs obtained by transcriptome sequencing were more reliable, we selected 15 DEGs associated with inflammatory immunity using RT-qPCR to verify the sequencing results (Figure 8). The RNA-seq results showed consistent trends, demonstrating that RNA-seq sequencing data are reliable.



CONCLUSION

We identified 15 significantly enriched GO terms and five typical pathways, suggesting that HOA may inhibit the inflammatory response induced by LPS in RAW 264.7 cells through a variety of targets and pathways. Additional studies are currently underway to prepare larger quantities of HOA and investigate its overall in vivo anti-inflammatory effect.



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 author/s.



AUTHOR CONTRIBUTIONS

XY, JZ, YH, and YC: investigation. WH, LL, and YC: supervision and writing—review and editing. WH and YC: writing—original draft. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the National Natural Science Foundation of China (31600281) and Natural Science Foundation of Jiangsu Province (BK20171269).

FOOTNOTES

1http://david.abcc.ncifcrf.gov/home.jsp


REFERENCES

Akihisa, T., Kojima, N., Kikuchi, T., Yasukawa, K., Tokuda, H., Masters, E. T., et al. (2010). Anti-inflammatory and chemopreventive effects of triterpene cinnamates and acetates from shea fat. J. Oleo Sci. 59, 273–280. doi: 10.5650/jos.59.273

Baker, R. G., Hayden, M. S., and Ghosh, S. (2010). NF-κB, inflammation, and metabolic disease. Cell Metab. 13, 11–22. doi: 10.1016/j.cmet.2010.12.008

Cao, Y., Li, F., Luo, Y., Zhang, L., Lu, S., Xing, R., et al. (2019). 20-Hydroxy-3-oxolupan-28-oic acid attenuates inflammatory responses by regulating PI3K−1Akt and MAPKs signaling pathways in LPS-stimulated RAW264.7 macrophages. Molecules 24:386. doi: 10.3390/molecules24030386

Croker, B. A., Kiu, H., and Nicholson, S. E. (2008). SOCS regulation of the JAK/STAT signalling pathway. Cell Dev. Biol. 19, 414–422. doi: 10.1016/j.semcdb.2008.07.010

Du, H., Liu, W., Zhang, M., Si, C., Zhang, X., and Li, B. (2019). Cellulose nanocrystals and cellulose nanofibrils based hydrogels for biomedical applications. Carbohydr. Polym. 209, 130–144. doi: 10.1016/j.carbpol.2019.01.020

Guinane, C. M., and Cotter, P. D. (2013). Role of the gut microbiota in health and chronic gastrointestinal disease: understanding a hidden metabolic organ. Therap. Adv. Gastroenterol. 6, 295–308. doi: 10.1177/1756283X13482996

Hata, K., Hori, K., and Takahashi, S. (2003). Role of p38 MAPK in lupeol-induced B16 2F2 mouse melanoma cell differentiation. J. Biochem. 134, 441–445. doi: 10.1093/jb/mvg162

Hu, W., Wang, X., Wu, L., Shen, T., Ji, L., Zhao, X., et al. (2016a). Apigenin-7-O-β-D-glucuronide inhibits LPS-induced inflammation through the inactivation of AP-1 and MAPK signaling pathways in RAW 264.7 macrophages and protects mice against endotoxin shock. Food Funct. 7, 1002–1013. doi: 10.1039/C5FO01212K

Hu, W., Wu, L., Qiang, Q., Ji, L., Wang, X., Luo, H., et al. (2016b). The dichloromethane fraction from Mahonia bealei (Fort.) Carr. leaves exerts an anti-inflammatory effect both in vitro and in vivo. J. Ethnopharmacol. 188, 134–143. doi: 10.1016/j.jep.2016.05.013

Hu, W., Yu, L., and Wang, M. H. (2011). Antioxidant and antiproliferative properties of water extract from Mahonia bealei (Fort.) Carr. leaves. Food Chem. Toxicol. 49, 799–806. doi: 10.1016/j.fct.2010.12.001

Krishnamurti, C., Peat, R. A., Cutting, M. A., and Rothwell, S. W. (2002). Platelet adhesion to dengue-2 virus-infected endothelial cells. Am. J. Trop. Med. Hyg. 66, 435–441. doi: 10.1016/S0001-706X(02)00003-7

Kukurba, K. R., and Montgomery, S. B. (2015). RNA sequencing and analysis. Cold Spring Harb. Protoc. 2015, 951–969. doi: 10.1101/pdb.top084970

Levy, S. E., and Myers, R. M. (2016). Advancements in next-generation sequencing. Annu. Rev. Genom. Hum. Genet. 17, 95–115. doi: 10.1146/annurev-genom-083115-022413

Li, F., Cao, Y., Luo, Y., Liu, T., Yan, G., and Chen, L. (2019). Two new triterpenoid saponins derived from the leaves of Panax ginseng and their antiinflammatory activity. J. Ginseng Res. 43, 600–605. doi: 10.1016/j.jgr.2018.09.004

Li, X., Shen, J., Jiang, Y., Shen, T., You, L., Sun, X., et al. (2016). Anti-inflammatory effects of chloranthalactone B in LPS-stimulated RAW264.7 cells. Int. J.Mol. Sci. 17:1938. doi: 10.3390/ijms17111938

Long, T., Liu, Z., Shang, J., Zhou, X., Yu, S., Tian, H., et al. (2018). Polygonatum sibiricum polysaccharides play anti-cancer effect through TLR4-MAPK/NF-κB signaling pathways. Int. J. Biol. Macromol. 111, 813–821. doi: 10.1016/j.ijbiomac.2018.01.070

Medzhitov, R. (2007). Recognition of microorganisms and activation of the immune response. Nature 449, 819–826. doi: 10.1038/nature06246

Minciullo, P. L., Catalano, A., Mandraffino, G., Casciaro, M., Crucitti, A., Maltese, G., et al. (2016). Inflammaging and anti-inflammaging: The role of cytokines in extreme longevity. Arch. Immunol. Ther. Exp. 64, 111–126. doi: 10.1007/s00005-015-0377-3

Mosser, D. M., and Edwards, J. P. (2008). Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 8, 958–969. doi: 10.1038/nri2448

Murtaza, I., Saleem, M., Adhami, V. M., Hafeez, B. B., and Mukhtar, H. (2009). Suppression of cFLIP by lupeol, a dietary triterpene, is sufficient to overcome resistance to TRAIL-mediated apoptosis in chemoresistant human pancreatic cancer cells. Cancer Res. 69, 1156–1165. doi: 10.1158/0008-5472.CAN-08-2917

Newton, A. H., Cardani, A., and Braciale, T. J. (2016). The host immune response in respiratory virus infection: balancing virus clearance and immunopathology. Semin. Immunopathol. 38, 471–482. doi: 10.1007/s00281-016-0558-0

Pan, M. H., Lai, C. S., and Ho, C. T. (2010). Anti-inflammatory activity of natural dietary flavonoids. Food Funct. 1, 15–31. doi: 10.1039/c0fo00103a

Pappas, K., Papaioannou, A. I., Kostikas, K., and Tzanakis, N. (2013). The role of macrophages in obstructive airways disease: chronic obstructive pulmonary disease and asthma. Cytokine 64, 613–625. doi: 10.1016/j.cyto.2013.09.010

Pinho-Ribeiro, F. A., Zarpelon, A. C., Mizokami, S. S., Borghi, S. M., Bordignon, J., Silva, R. L., et al. (2016). The citrus flavonone naringenin reduces lipopolysaccharide-induced inflammatory pain and leukocyte recruitment by inhibiting NF-κB activation. J. Nutr. Biochem. 33, 8–14. doi: 10.1016/j.jnutbio.2016.03.013

Rubio-Perez, J. M., and Morillas-Ruiz, J. M. (2012). A review: inflammatory process in Alzheimer’s disease, role of cytokines. Sci. World J. 2012, 756357–756357. doi: 10.1100/2012/756357

Saleem, M. (2009). Lupeol, a novel anti-inflammatory and anti-cancer dietary triterpene. Cancer Lett. 285, 109–115. doi: 10.1016/j.canlet.2009.04.033

Saleem, M., Murtaza, I., Tarapore, R. S., Suh, Y., Adhami, V. M., Johnson, J. J., et al. (2009). Lupeol inhibits proliferation of human prostate cancer cells by targeting beta-catenin signaling. Carcinogenesis 30, 808–817. doi: 10.1093/carcin/bgp044

Shen, T., Wang, G., You, L., Zhang, L., Ren, H., Hu, W., et al. (2017). Polysaccharide from wheat bran induces cytokine expression via the toll-like receptor 4-mediated p38 MAPK signaling pathway and prevents cyclophosphamide-induced immunosuppression in mice. Food Nutr. Res. 61:1344523. doi: 10.1080/16546628.2017.1344523

Sultana, S., Saleem, M., Sharma, S., and Khan, N. (2003). Lupeol, a triterpene, prevents free radical mediated macromolecular damage and alleviates benzoyl peroxide induced biochemical alterations in murine skin. Ind. J. Exp. Biol. 41, 827–831.

Tornatore, L., Thotakura, A. K., Bennett, J., Moretti, M., and Franzoso, G. (2012). The nuclear factor kappa B signaling pathway: integrating metabolism with inflammation. Trends Cell Biol. 22, 557–566. doi: 10.1016/j.tcb.2012.08.001

Wang, Y., Xue, S., Liu, X., Liu, H., Hu, T., Qiu, X., et al. (2016). Analyses of Long Non-Coding RNA and mRNA profiling using RNA sequencing during the pre-implantation phases in pig endometrium. Sci. Rep. 6, 20238–20238. doi: 10.1038/srep20238

Zhang, J., Li, W., Yuan, Q., Zhou, J., Zhang, J., Cao, Y., et al. (2019). Transcriptome analyses of the anti-proliferative effects of 20(S)-ginsenoside Rh2 on HepG2 cells. Front. Pharmacol. 10:1331. doi: 10.3389/fphar.2019.01331

Zhou, X., Naguro, I., Ichijo, H., and Watanabe, K. (2016). Mitogen-activated protein kinases as key players in osmotic stress signaling. Biochim. Biophys. Acta Gen. 1860, 2037–2052. doi: 10.1016/j.bbagen.2016.05.032

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

Copyright © 2021 Yang, Zhou, He, Lv, Cao and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fbioe-09-701876-t003.jpg
KEGG pathways of C vs. LPS

Pathway

Count

TNF signaling pathway

Influenza A

NF-kappa B signaling pathway
Cytokine-cytokine receptor interaction
Chemokine signaling pathway

Toll-like receptor signaling pathway
Transcriptional misregulation in cancer
MAPK signaling pathway

PI3K-Akt signaling pathway

Jak-STAT signaling pathway

36 (2.79%)
38 (2.95%)
26 (2.02%)
42 (3.25%)
31 (2.40%)
19 (1.47%)
25 (1.94%)
32 (2.48%)
37 (2.86%)
19 (1.47%)

KEGG pathways of LPS vs. HOA

Pathway Count (of 151)
TNF signaling pathway 11 (1.89%)
Cytokine-cytokine receptor interaction 12 (3.95%)
Rheumatoid arthritis 13 (2.11%)
Rap1 signaling pathway 14 (3.16%)
Chemokine signaling pathway 15 (2.89%)
Jak-STAT signaling pathway 16 (2.37%)
MAPK signaling pathway 17 (2.89%)
VEGF signaling pathway 18 (1.32%)
Endocytosis 19 (2.89%)
Transcriptional misregulation in cancer 20 (2.11%)






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		20-Hydroxy-3-Oxolupan-28-Oic Acid, a Minor Component From Mahonia bealei (Fort.) Carr. Leaves Alleviates Lipopolysaccharide-Induced Inflammatory in Murine Macrophages



		INTRODUCTION



		MATERIALS AND METHODS



		Materials



		Extraction and Isolation



		RAW 264.7 Cells Culture and HOA Treatment for RNA-Seq Experiment



		RNA-Seq Library Construction and Sequencing



		RNA-Seq Data Analysis



		Differentially Expressed Genes (DEGs)



		GO and KEGG Pathway Enrichment Analysis of Differentially Expressed Genes



		Reverse-Transcribed and Quantitative PCR (RT-qPCR)



		Data Analysis







		RESULTS



		mRNA Data Generation and Gene Comparison



		Response of Differentially Expressed Genes (DEGs) to LPS Induction and HOA Pre-treatment



		GO Enrichment Analyses of DEGs



		KEGG Pathway Enrichment Analyses of DEGs



		Differential Gene Annotation Into Immune-Related Metabolic Pathways



		Differential Expression Level Analyses



		Verification of the RNA-Seq Data







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/fbioe-09-701876-t002.jpg
Summary Control LPS HOA

N 50415 73089 84576
0.14% 0.27% 0.27%
Adapters 326343 180454 178983
0.67% 0.58% 0.57%
Low quality 149190 78390 84079
0.34% 0.29% 0.27%
Clean 27805302 26990712 29943562
98.30% 98.76% 98.67%
Clean base 8.34G 8.10G 8.98G
GC (%) 52% 51.04% 51.52%
Q30 (%) 94.12% 92.81% 92.73%
Genome map rate of clean reads 90.77% 92.66% 93.61%
Unique match in genome mapped reads 85% 86.99% 87.77%

Multiple match in genome mapped reads 5771% 5.67% 5.81%





OPS/images/fbioe-09-701876-g002.jpg
Number of gene

1500 -

1250 1

[—
e
=
=
1

750+

500+

250+

DiffExp Gene Statistics

1313

Up

Down
Total





OPS/images/fbioe-09-701876-t001.jpg
Gene name

Saal3
Bel2l1
Mapkapk2
Ccl9
Sdc4
Ddx3x
Socs3
Prdx5
TLR4
Lif

IL15
Tnfaip3
TET2
TGF-p1
CCl20

Forward primer (5'-3')

TGCCATCATTCTTTGCATCTTGA
ATGTCTCAGAGCAACCGGGAGCT
GGGCACCATGCTGTCGGGCTC
AACAGAGACAAAAGAAGTCCAGAG
GGGCAAGAAACCCATCTACAAA
CTCCGATTTCTCGGTACTCT
CACAGCAAGTTTCCCGCCGCC
TGGCAGAGCTGTTCAAGGGCAAGAA
TCAGCAAAGTCCCTGATGACATTCC
GCTATGTGCGCCTAACATGAC
GCTCTTACCTGGGCATTAAGTAATGAA
AACCAATGGTGATGGAAACTG
TGTTGTTGTCAGGGTGAGAATC
CTCCCGTGGCTTCTAGTGC
CGACTGTTGCCTCTCGTACA

Reverse primer (5'-3')

CCGTGAACTTCTGAACAGCCTG
TCACTTCCGACTGAAGAGTGAGCC
CGAGACACTCCATGACAATCAGC
CTTGCTGATAAAAGATGATGCCC
CTCCAC TCCTCTCCCCAATAAGT
GACTTCCCTCTTGAATCACC
GTGCACCAGCTTGAGTACACA
TCAGCCAGGAGCCGAACCTTGCCTTC
AGAGGTGGTGTAAGCCATGCCA
CGCTCAGGTATGCGACCAT
CGCATGCAGTCAGGACGTGTTGATG
GTTGTCCCATTCGTCATTCC
TCTTGCTTCTGGCAAACTTACA
GCCTTAGTTTGGACAGGATCTG
AGGAGGTTCACAGCCCTTTT






OPS/images/fbioe-09-701876-g001.jpg





OPS/images/fbioe-09-701876-g008.jpg
Bel2ll

TET2

SDC4

I C
 1LPS
Bl HOA

uoissaidxa aapeay

I C
N LPS
B HOoA

15

5
20+

505
-— -
uossaadxa asneay

Il LPS
BN HOA

o
o

o

r T T

& R
uorssaadxa aaneRy

-T
oy

=]

Cel9

Ddx3x

IL-15

I C

BN HOA

Il LPS

60004

T T
= =
= =
= =
-+ ~3

unissaadxa aanepy

 C
B LPS
B HOA

)

i

T m oM =
uoissaadxa aanepEy

I C
BN LPS
B HOA

1
=

154005
1000+

T
=
=
[

uossaadxa aanepy

e

Saal

Socs3

CCL20

I C

Il LPS
Bl HOA

r
=
=

uossaadxa aanepRy)

=
~1

10

=]

2

T

-+

"
uorssaIdxa aanepy

£ S
o= =
nni

4011+

RIS

uorssaIdxa aageRy

LIS

L[LIIE

=]
I

N 1LPS

Bl HOA

T
=
—

T 1
wy =

uossaadxd danepy

Il C

I LPS

B HOA

* B
%
m.h *
] ..,HQV
)
=2 = = = = =
= £E £ £ =
m u.lm ~} -~ -
umssaadxa aanepy
w =
-
L - B
" F 5
%
w;
S P
£ Vo
J
T T

unissardxa aanepy





OPS/images/cover.jpg
, frontiers

in Bioengineering and Biotechnology

20-Hydroxy-3-Oxolupan-28-0ic
Acid, a Minor Component From
Mahonia bealei (Fort.) Carr.
Leaves Alleviates
Lipopolysaccharide-Induced
Inflammatory in Murine
Macrophages





OPS/images/fbioe-09-701876-g007.jpg
Saa3

Bcl2l1

Mapkapk?2

Ccl9

Sdc4

CCI20

Ddx3x

Socs3

Prdx5

Lif

IL15

TET2

Tnfaip3

TLR4

TGF-B1








OPS/images/fbioe-09-701876-g004.jpg
GO terms of C VS LPS

<

&

&

(OneAd)orsoT-

BUIPLIG UINPOUEd
Twpuq W

“vorsas peumxosd mjowond 2103 11 aseswdiod v

Butpmq wewop HY
Fwpuq aseury urosd
Fwpmq 41V

asenmijod v ‘Aianoe Joande peuondudsuen

Ajranoe vonezupowot wajosd
Apanoe asemysuen£fers
Apanpe aseq 1o

“asenysmeniAurs-¢ z-eudie (D) spisojoeied-raq

Supng aseajoxd

Fwpunq unoe

FWpuiq YA papHens-2jqnop

FWpUIq YN PIpURAS-2[qnop
Fmpwq 410

Apanpe aseppuds awjAuapeodio-s-.7
Aande suryowa

Fmpmq ujosd

Apanoe supyoifd

ARUS0D
vonaunf 125

1osoil>

UOISAIPE 0]

Pl JURIGUUDT

AUOSOXD WIN[]2IRNXD

CURUD[ONILS

BOR[AYSOIAD e

apdrsan onmsejdoils

uonstmf [[23-1135

uojaaNs0Ikd

XLgew renpoenxs

00Ims 20

wsepdoyAs Jo nordar seaponumad
awmequat euseld Jo apis [ewxe
UOIBAL RPN

AURIGUIAI A|OMIEA FUUIEIU0I-JOIQWIAS
20uds minPoRn X

wiseidoils

g

$s230d doydod

SIXEIOUD

Aemmped Sunemmis pajerpaw-aprretpoesjodods
ssasoud snoydode Jo noremsar samsod

J0J3€] SIS0 Jotmy 0 dsuodsas semy|ad
wozojoud o) asuodsar asuagap

stxwjod (rdonnau

uonestdal atwousd [ena Jo vonemaar aaneiau
apedsed TNUH pue I N Jo uotenaa aantsod
[-unyna2ym o) asuodsar reny|o
apuerpdesijodods] o) asuodsar remyjad

S -uoIagRm 0) asuodsar remya0

asuodsas sumun apetm

apumydesAjododt] o) asuodsas

s 0} asuodsar asuagap

asuodsar sunurun

©I2q-UaILI NN 0) dsodsar refnj|ad

suna o) asuodsax

ssas01d wss sunwun

asuodsar Lojenrumegm

w
—_

Cellular Component (CC) Molecular Function (MF)

Biological Process (BP)

GO terms of HOA VS LPS

(a1]

(d3nfeAd)018071-

SUTPULK] ISEUTY JUISOIA} 1032021
Ananow waosd Surpeudis soxdados
Ananoe 103do001 18udaes
ANANOE SUD{OWDYD
Surpuiq wor praw
Surpuiq 101da331 g urayropud
Suipurq vor wintages
Fwpurq J01) rword
Ananse asepndadopud adAy-ounos
10000301 194 201¢) pmord Furuwoysuen
Surpurq asedty maosd unmbign
Supurq JAVN
Aanoe ojeAnde ased 1 6
Supuiq sway
Anande 10pej dFueyoxa apnospnu-jAuend v
Ananoe 101085 afueyoxa apnoaponu-jiuend
Ananoe 2032301 sunjowayd
Suipurq 1005331 [-unmapm
ANANDE JUINOIAD
ANANDE ISEINPIIOPIXO

ueiquaw ewseyd
AOSOPUD k]

i U

wsepdoids Jo uordar majanut

21524 papunog-sueiqudw dwse|doiLd
XIEW IRN[2IRNXD

uorias enjoenxa

Apoq 193 [euomau

»pz

20upNs 122

OSOSAY

€joaAed

wseidoils

suRIquISW

aouds enppoenxs

suesquidwt ewseyd Jo wanodwod dsutnu
auwaquiswt vwsvyd Jo ap1s jewax

wONEIMT 1943)
“Aq amssaid poojq fenane S1unsAs jo uonendax
199 dpasnw fpoows jo uonemdal aamsod
ssacoxd snowdode jo vonemdas aamsod
SSANS JANEPIXO 0 dsuodsay

P Jeuds jo ndar aanedou
“10id2091 ©12q Jope) rmord Suruojsuen
UOISIAIP Jeapanu dnojnu jo uonemar aantsod
SISEISOWOY WO WNId[Ed
uonesajtjoxd 1122 jo uonenda sanedou
“WOT NI M1jos0idd Jo uonemTar aamsod
$50503d BONINPII-UONEPIXO
erxodAy o) asuodsas
asuodsar Asojewumyu
uaBonsa o) asuodsas
asuodsar aunwut
Ananoe ased | 0 jo wonemar aansod
sixejowayd pydonnau
ssans 1ays pmyy reunue] o) asuodsar
SIXEIOWDYD

<

Cellular Component (CC) Molecular Function (MF)

Biological Process (BP)






OPS/images/fbioe-09-701876-g003.jpg
IR L e
Wl LT







OPS/images/fbioe-09-701876-g006.jpg
g
:

Top 20 of Pathway Enrichment

Toxoplasmosis <

Small cell lung cancer 4

Cytosolic DNA-sensing pathway <
Hypertrophic cardiomyopathy (HCM) 4
ECM-receptor interaction <

MAPK signaling pathway <
Transcripional misregulation in cancer 4
Toll-dike receptor signaling pathway <
Malaria <

Rheumatoid arthritis 4

NOD-iike receptor signaling pathway <
Chemokine signaling pathway <
Salmonella infection 4

Osteoclast differentiation <

Herpes simplex infection 4

Measles 4

Cytokine-cytokine receptor interaction 4
NF-kappa B signaling pathway <
Influenza A4

TNF signaling pathway <

0.30

B Top 17 of Pathway Enrichment
PI3K-AK! signaling pathway @)
Thyroid hermone signaling pathway - L J
HIF-1 signaling pathway = L ]
Transcriptional misregulation in cancer < [ ]
Endocytosis{ @ GeneNumber
GeneNumber o * 50
® 20 VEGF signaling pathway - . ® s
[ EY MAPK signaling pathway - @ @ 100
[ X3 @ 25
- Legicnellosis 5 . . 15.0
Pvalggo . 2 Amoebiasis - ®
.001
& Pvalue
Jak-STAT signaling pathway = [ ]
0.0010 0.075
Chemekine signaling pathway = @
0.0005 0.050
Salmonella infection 5 [ ]
0.025
Rap1 signaling pathway .
Rheumatoid arthritis - [ ]
Mineral absorption = L ]
Cytokine-cytokine receptor interaction - .
NF signaling pathway - .
0.03 0.08 0.09 0.12 0.15

RichFactor





OPS/images/fbioe-09-701876-g005.jpg
A KEGG pathway annotation

Folding, sorting and degradation
Translation

Replication and repair

Transcription

Environmental Information Processing
Signal transduction

Signaling molecules and interaction
Membrane transport

Cellular Processes

Transport and catabolism

Cellular commiunity

Cell growth and death

Cell motility

Organismal Systems

Immune system

B KEGG pathway annotation

Folding, sorting and degradation |IRS
Transcription |§2
Environmental Information Processing |
Signal transduction
Signaling molecules and interaction
Membrane transport
Cellular Processes
Transport and catabolism | I 18
Cellular commiunity | N 10
Cell growth and death |7
Cell motility |mEme6
Systems

E—— 32
2

="
e 29
Endocrine and metabolic diseases | NN 13
Immune diseases |11
Neurodegenerative diseases |[lll6
Cardiovascular diseases ..4
Substance dependence }-l

Diseases
Infectious diseases
Cancers

e 67

-
-
-

° ® ) I s
Number of Gene






OPS/images/logo.jpg
’ frontiers
in Bioengineering and Biotechnology





