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Editorial on the Research Topic 
The Role of Natural Products in Chronic Inflammation

Inflammation including acute and chronic inflammation is the body’s defense response to external stimuli, such as pathogens, irritants, or infections. Inflammation is usually beneficial to the body. However, repeated stimulation of harmful substances or ineffective regulation of acute inflammation can lead to chronic inflammation (Ma et al., 2021). Persistent inflammatory responses may lead to chronic inflammation-related diseases such as cardiovascular, neurodegenerative, and inflammatory bowel disease (Hussain et al., 2020). In addition, chronic inflammation is also involved in the physiological and pathological processes of various diseases, such as atherosclerosis (AS), rheumatoid arthritis (RA), depression, obesity, gout, Alzheimer’s disease, and cancer (Bai et al., 2021). Currently, steroidal and non-steroidal anti-inflammatory drugs (NSAIDs) with anti-inflammatory, analgesic and other curative effects, are the most commonly used classical treatments for inflammation in clinical practice. However, long-term use of these drugs can cause kinds of adverse reactions (Borquaye et al., 2017), such as gastrointestinal damages (gastric ulcers, bleeding, etc.), liver and kidney dysfunction, and skin diseases (Bai et al., 2021). While rational drug use, drugs with higher safety should be used as much as possible. Therefore, finding natural plant compounds without toxic side effects and good curative effects to replace traditional anti-inflammatory drugs is an urgent issue to be solved in the clinical treatment of inflammation-related diseases.
Natural products have more pharmacological activities and low toxicity properties, which can serve as potential resources for the development of natural anti-inflammatory drugs. Although some severe symptoms of chronic conditions are difficult to be treat with natural products, which are more effective for relieving light pain in the early stage of these disease. Current studies have found that natural products with anti-inflammatory activity include polysaccharides, flavonoids, polyphenols, alkaloids, terpenes, natural pigments, plant volatile oils, quinones, and other compounds (Wu et al., 2021). In recent years, great progress has been made in the development and resolution mechanisms of chronic inflammation-related diseases, and the use of natural products to alleviate inflammatory diseases. We are committed to exploring the anti-inflammatory mechanism and action targets of natural anti-inflammatory components in the context of chronic inflammation, establishing a rapid screening and identification method of natural products, and a technical system for mining action targets, to develop natural products with strong anti-inflammatory activity and no side effects, that can replace traditional anti-inflammatory drugs.
In this Research Topic, the role of natural polysaccharides, alkaloids, terpenes polyphenols in inflammation-related diseases are discussed. Wang et al. reported for the first time the role of Bacteroides fragilis polysaccharide A (PSA) in the LPS-induced abnormal hepatic metabolism of voriconazole (VRC). They showed that PSA improved the abnormal metabolism of VRC by inhibiting the TLR4-mediated NF-κB signaling pathway, and they also discussed the possibility of PSA as a clinical adjuvant therapy. Yin et al. found that lentinan, a plant polysaccharide extracted from Lentinus edodes, exerted an anti-inflammatory effect by inhibiting the activation of the Wnt/β-catenin pathway. Flavonoids are a major anti-inflammatory natural product that is widely used in the treatment of various chronic inflammatory diseases. Wu et al.found that the anti-inflammatory effect of hesperetin could effectively prevent cartilage degradation, suggesting that hesperetin may be a potential natural product for the treatment of osteoarthritis (OA). Alkaloids are one of the most important functional compounds in Chinese herbal medicine with significant biological activity. Yu et al. found that tomatidine with anti-inflammatory, antitumor and immunomodulatory activities, inhibited the destructive behaviors of fibroblast-like synoviocytes and ameliorated RA in rats. Another interesting study performed by Wang et al.analyzed the effect of evodiamine (EVO) on inflammation and cancer from the perspective of colitis-associated cancer (CAC), and they found that EVO may be a new drug to prevent CAC through regulating gut microbiota metabolites. Terpenes including monoterpenes, sesquiterpenes, diterpenoids, etc., are major sources for the study of natural products and the development of new drugs. Betulin, a natural triterpene extracted from birch bark, could be used to treat OA. Ren et al. found that betulin can ameliorate OA by reducing inflammation through the AKT/Nrf2/HO-1/NF-κB signaling pathway. In addition, Ma et al. described the sesquiterpene compound bilobalide as a unique component in Ginkgo biloba L. extract with strong anti-inflammatory activity. From their findings, bilobalide was found to be a potential natural therapeutic drug for OA. Polyphenols are widely found in plant foods and have antioxidant and anti-inflammatory activities. Yao et al. identified HDAC11 protein as the target of the natural polyphenolic compound hydroxytyrosol acetate (HF-AC) in olive oil through molecular docking and drug affinity responsive target stability. This study provided a new insight into chronic inflammation-induced atherosclerosis treatment strategy.
Additionally, some medicinal plant extracts and classic traditional Chinese medicine formulas are also used for the development of anti-inflammatory drugs. Medicinal plant extracts have complex components and high medicinal value. Feng et al. used the screening method of multi-target affinity ultrafiltration combined with HPLC-MS to quickly screen out the multi-target bioactive components from Podophyllum sinense, which provided an effective method for mining new multi-target drugs from natural products. In terms of natural extracts, Balgoon et al. compared the effects of topical and oral administration of pumpkin extract (PE) with betamethasone-treated groups and found that PE could be used as an alternative or supplementary method for the treatment of contact dermatitis associated with depression. Classic traditional Chinese medicine formulas are another effective method for the clinical treatment of chronic diseases. Xu et al. explored the role of Huangbai liniment (HB) in the treatment of skin inflammation in Atopic dermatitis (AD). The results showed that HB can significantly reduce the expression of pro-inflammatory factors and effectively relieve skin inflammation in AD patients by restoring the T cell immune balance. It provided a research basis for HB to develop new AD treatments in the future. Yue et al. explored the therapeutic effect of Shu Gan He Wei decoction (SHD) on depression, anxiety and cecal mucosal injury in chronic stress model rats. It provided a new therapeutic method for the clinical treatment of TCM regulation of inflammation-related diseases. Also, Xia et al.studied the effect of Yi Shen Juan Bi pill on the homeostasis of the bone immune microenvironment in RA.
Natural products are critical in new drug development due to their broad chemical and functional diversity. The authors of this Research Topic have tried to establish a system for rapid screening and identification of bioactive components and looked for natural products that can replace NASIDs. In summary, the articles in this Research Topic provide new discoveries that natural products can be used to treat chronic inflammation-related diseases and offer useful information for the development of natural products and their derivatives. To expand the wide application of natural products in the treatment of chronic inflammatory diseases, it is necessary to further explore bioactive components with multiple targets and multiple pharmacological activities. And it needs to improve the purity and effectiveness of natural products through separation technology. However, the development of natural products is currently only at the in vitro experimental stage, and randomized clinical trials are needed to evaluate the safety and efficacy of natural products for inflammation-related diseases under specific conditions. More importantly, how to improve the safety and efficacy of natural products in the treatment of diseases.
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The antifungal agent voriconazole (VRC) exhibits extreme inter-individual and intra-individual variation in terms of its clinical efficacy and toxicity. Inflammation, as reflected by C-reactive protein (CRP) concentrations, significantly affects the metabolic ratio and trough concentrations of voriconazole. Bacteroides fragilis (B. fragilis) is an important component of the human intestinal microbiota. Clinical data have shown that B. fragilis abundance is comparatively higher in patients not presenting with adverse drug reactions, and inflammatory cytokine (IL-1β) levels are negatively correlated with B. fragilis abundance. B. fragilis natural product capsular polysaccharide A (PSA) prevents various inflammatory disorders. We tested the hypothesis that PSA ameliorates abnormal voriconazole metabolism by inhibiting inflammation. Germ-free animals were administered PSA intragastrically for 5 days after lipopolysaccharide (LPS) stimulation. Their blood and liver tissues were collected to measure VRC concentrations. PSA administration dramatically improved the resolution phase of LPS-induced hepatic VRC metabolism and inflammatory factor secretion. It reversed inflammatory lesions and alleviated hepatic pro-inflammatory factor secretion. Both in vitro and in vivo data demonstrate that PSA reversed LPS-induced IL-1β secretion, downregulated the TLR4/NF-κB signaling pathway and upregulated CYP2C19 and P-gp. To the best of our knowledge, this study is the first to show that PSA from the probiotic B. fragilis ameliorates abnormal voriconazole metabolism by inhibiting TLR4-mediated NF-κB transcription and regulating drug metabolizing enzyme and transporter expression. Thus, PSA could serve as a clinical adjunct therapy.
Keywords: voriconazole, abnormal metabolism, polysaccharide A, TLR4 (toll-like receptor 4), hepatic inflammation
INTRODUCTION
The liver maintains homeostasis and plays important roles in host defense and drug metabolism. Gut microbiota modulate the injury response in certain organs that are remote from the gastrointestinal tract, such as the liver (Gong et al., 2019). Intestinal blood accounts for 70% of the total hepatic blood supply. Gut microbiota composition affects hepatic cellular function (Adolph et al., 2018). Alteration of gut microbiota composition or target bacteria modifies the toxicity profile of certain drugs (Sivan et al., 2015; Taylor et al., 2019). Elucidating the physiological, chemical and microbial factors that determine the contributions of the microbiome to drug metabolism could help explain intra- and inter-individual variability in drug exposure and provide opportunities for personalized medicine (Zimmermann et al., 2019).
The fungal infection rates in immunocompromised patients with acute myeloid leukemia (AML) may be in the range of 8–12% (Hicks et al., 2020). Prophylactic administration of the antifungal agent VRC, reduces the incidence of invasive fungal infections. The pharmacokinetics of VRC are nonlinear and highly variable. Changes in trough concentrations (Cmin) are associated with genetic factors, drug interactions and pathophysiological parameters, such as age or hepatic function. Pharmacogenetics is a key component of precision medicine (Hicks et al., 2020), however, alterations in disease status can result in inter- and intra-individual drug exposure variability and many adverse drug reactions (ADRs) such as hepatotoxicity, loss of visual acuity, and neuropathies (Pascual et al., 2012). Inflammation is reflected by CRP concentrations and affects drug metabolic enzymes and transporters (DMETs) (Stanke-Labesque et al., 2020). It may also contribute to the pharmacokinetic variability of VRC. During infection or inflammation, several drug-metabolizing enzymes in the liver are downregulated (Morgan, 2009; Keller et al., 2016; Veringa et al., 2017). Consequently, VRC overexposure can occur in type two diabetes, non-alcoholic fatty–liver disease and hematopathies (Stanke-Labesque et al., 2020). However, there have been limited studies of VRC pharmacology based on patients’ inflammatory state and few have formulated or tested anti-inflammatory agents to improve hepatic DMETs.
Pro-inflammatory cytokines such as IL-6, IL-1β and TNF-α evoke major recombination in hepatic gene expression and induce the synthesis of acute phase proteins such as CRP. Toll-like receptors (TLRs) recognize patterns and are expressed in monocytes, macrophages, hepatocytes, and other cells (Kawai and Akira, 2010). As adjuvant, TLRs agonists can launch a strong immune response to assist cancer radiotherapy and bio-chemotherapy.
B. fragilis is a strict anaerobe in the human gut microbiome. Its natural product capsular PSA prevents certain sterile PNS and CNS inflammatory disorders (Mazmanian et al., 2008; Ramakrishna et al., 2019). PSA is a unique zwitterionic polysaccharide and an immunogenic capsule component of the non-toxin-producing B. fragilis (NTBF) strain NCTC9343. It is a unique T-cell-dependent antigen that mediates CD4+ T-cell proliferation and induces secretion of the immunosuppressive cytokine IL-10 in regulatory T cells. IL-10 is a potent anti-inflammatory cytokine that restrains pathogenic inflammation in the gut, brain and lungs (Lee and Mazmanian, 2010; Shen et al., 2012). A recent biodiversity study showed a clear relationship between NTBF and the immune system and this association implies its potential use as a probiotic (Sun et al., 2019). Therefore, we infer that NTBF may inhibit the inflammatory environment in the liver and the entire body by promoting interactions between microorganisms and hosts and ameliorating abnormal VRC metabolism in inflammatory disease.
MATERIALS AND METHODS
Study Population
The study procedures were approved by the Ethics Committee of Shenzhen Hospital of Southern Medical University (No. NYSZYYEC20180017), and were performed in accordance with the Helsinki Declaration. Subjects were selected from patients seen in the Hematology Department of Shenzhen Hospital, Southern Medical University who were diagnosed with AML and required VRC for antifungal prophylaxis. AML was diagnosed according to the criteria of the National Comprehensive Cancer Network (NCCN) Guidelines for Acute Myeloid Leukemia (Tallman et al., 2019). All adult patients were tested for the CYP2C19 genotype before being grouped. Patients who were being administered “3 + 7” chemotherapy (3 days daunorubicin plus 7 days continuous cytarabine infusion) were screened for enrollment. Sixty-five patients with the CYP2C19 genotype who were normal metabolizers signed informed-consent forms before participating in this study.
The course of VRC treatment lasted ≥ 5 days. Each patient was administered two doses a day in strict accordance with drug-label instructions. The exclusion criteria were as follows: patients 1) who were pregnant within the past year or who were administered antibiotics or probiotics within the past 2 months; 2) who were <16 year old; 3) for whom combination chemotherapy was contraindicated because of renal/hepatic or cardiac insufficiency; 4) administered combinations of patent CYP2C19 or CYP3A4 modulators such as rifampicin, ritonavir, carbamazepine, long-acting barbiturates, or macrolide antibiotics; 5) who presented with hypokalaemia (serum potassium < 3.5 mmol/L) or those undergoing haemodialysis or peritoneal dialysis; 6) who presented with visual impairment; 7) who presented with hepatopathy; and 8) who presented with poor compliance to their medications according to electronic medical records.
Clinical Data and Patient Blood Sample Collection
Clinical information was collected and ADRs were recorded in an earlier study (Wang et al., 2020). A 5 ml sodium -heparin tube was used for blood sample collection. CRP and TNF-α concentrations were used as indices of inflammation and were routinely measured in discarded blood samples. Serum total bilirubin (TB > 26 μmol/L), aspartate transaminase (AST > 40 IU/L), and alanine transaminase (ALT > 50 IU/L) were quantitated to diagnose hepatotoxicity during VRC treatment. The metabolic ratio was determined as follows:
[image: image]
Liquid Chromatography-Tandem Mass Spectrometry Analysis
Lipid LC-MS/MS was conducted as previously described (Wang et al., 2020). A Waters UPLC-TOF-MS (Waters ACQUITY UPLC™ System Tandem Waters LCT Premier XE TOF-MS; Waters Corp., Milford, MA, United States) was usedto determine plasma VRC and VRC N-oxide.
Microbial Diversity Analysis
Human stool samples were collected from patients in the haematology department of Shenzhen Hospital, Southern Medical University. Faeces were collected in labelled stool tubes, flash-frozen, and stored at −80°C.
Microbial DNA was extracted from all fecal samples using an E. Z.N.A.® DNA kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s instructions. The V3 - V4 hypervariable region of the bacterial 16S rRNA gene was amplified by thermal cycling PCR with 338F_806R primers. All primers are listed in Supplementary Table S1. The purified amplification products were mixed in equimolar ratios and subjected to paired-end sequencing (2 × 300) on the Illumina MiSeq platform (Illumina, San Diego, CA, United States) according to standard methods. The original FASTQ files were demultiplexed, quality filtered with Trimmomatic, and flash merged. The RDP classifier algorithm (http://rdp.cme.msu.edu/) was used to classify each 16S rRNA gene sequence in the SILVA (SSU123) 16S rRNA database.
To investigate the roles of gut microbiota in adverse reaction development and modulation in patients, we analysed metagenomic sequence data extracted from the NCBI Sequencing Read Archive database using faecal samples from individuals with and without adverse reactions. DNA extraction and quality control were performed as previously described (Taur et al., 2012). Covaris M220 (Covaris Inc., Woburn, MA, United States) was used to cut, the extracted DNA fragments into 400-bp sections. The latter were then used to construct a double-terminal library. NEXTFLEX Rapid DNA-Seq (PerkinElmer, Waltham, MA, United States) was used to build a pair of terminal libraries. The joint containing the hybridisation site of the complete sequencing primer was connected to the blunt end of the fragment. A NovaSeq kit (Illumina, San Diego, CA, United States) was used on the Illumina NovaSeq platform to perform paired-end sequencing according to the manufacturer’s instructions (www.illlighta.com).
MATERIALS
LPS and TAK-242 were purchased from MCE (Monmouth Junction, NJ, United States). Enzyme-linked immunosorbent assay (ELISA) kits were purchased from Group, Inc (Rosemont, IL, United States). Primary antibodies against P-gp were obtained from Cell Signaling Technology (Danvers, MA, United States). His-H3 was procured from Affinity Biosciences (Cincinnati, OH, United States). Other antibodies were acquired from Invitrogen (Carlsbad, CA, United States).
Animal Model and Treatments
Male Sprague-Dawley rats (180–220 g) and male C57BL/10J mice were purchased from Southern Medical University. They were housed in ventilated boxes, in a protected temperature- and humidity-controlled room, with a 12 h on/off light cycle. The animals had ad libitum food and water to access. Animal care was conducted in strict accordance with the China and Nanfang Hospital policies for animal health and well-being and the animals were euthanized by CO2 asphyxiation at the end of the experiments (No. NFYY-2020–73).
Germ-free mice were prepared by administering vancomycin (100 mg/kg), neomycin sulphate (200 mg/kg), metronidazole (200 mg/kg), and ampicillin (200 mg/kg) intragastrically once daily for 5 days.
The rats and mice were randomly assigned to control (CON), lipopolysaccharide (LPS), LPS + germ free, LPS + germ free + PSA (n = 6, respectively) groups. In the CON group, physiological saline (2 ml/kg) was continuously infused via the jugular vein. In the LPS group, LPS in saline was continuously infused via the jugular artery at a dose of 2 mg/kg bodyweight per hour. In the LPS + PSA group, PSA was diluted with sterile phosphate-buffered saline (PBS; vehicle) and infused via the jugular vein (2 ml/kg), starting 10 min before the LPS infusion. All of the germ-free animals were kept under sterile conditions, and received sterile nutrition and water. After 3 days of treatment, the animals were humanely euthanized by CO2 asphyxiation.
Voriconazole Metabolism In Vivo
Blood and liver tissues were collected in heparinized test tubes at 0, 0.5, 2 and 12 h after VRC administration. Plasma was separated by centrifugation at 13,000 rpm for 10 min. VRC concentrations were determined by lipid LC-MS/MS.
Polysaccharide A Purification
B. fragilis strain NCTC9343 was obtained from the American Type Culture Collection (Manassas, VA, United States). PSA purification was performed by Fenghai Biotechnology Co., Ltd. (Hangzhou, China) according to the method described previously (Ramakrishna et al., 2019). Bacteria were resuspended in 1:1 v/v water: phenol and centrifuged into fragments at 70°C. The aqueous phase was collected, extracted with ether, and dialyzed against water overnight. PSA was then digested twice with DNA and RNA enzymes and analyzed using 1H NMR (Supplementary Figure S2). Fractions containing PSA alone were collected, freeze-dried and stored at −80°C until use.
Histologic Analysis
Isolated liver tissue was fixed in 10% (v/v) buffered formalin, embedded in paraffin, and sliced into 5 mm thick sections. The degree of liver impairment was assessed by H&E staining. The hepatic parameters were inflammation, coagulation, and lipid accumulation. For the immunohistochemical (IHC) analysis, monoclonal IL-1β antibody (1:1,000) was used.
Primary Hepatocytes and Treatments
In brief, liver samples were immediately moved to a 10 cm sterile Petri dish and minced, then hepatocytes were collected using a large-bore pipette, filtered through a 70 μm membrane to remove tissue fragments, and transferred to sterile 10 cm cell-culture dishes. Primary hepatocytes were cultured in cold Dulbecco’s Modified Eagle’s Medium (DMEM), and seeded in 6 cm dishes containing DMEM supplemented with 10% fetal bovine serum. Cells were maintained at 37°C and 5% CO2 in a humidified atmosphere. Primary hepatocytes were incubated with LPS (0.5 µ g/mL) for 12 h to obtain inflammation. For PSA treatment, the cells were treated with 10 μg/ml for 2 h before LPS stimulation.
For the experiments studying the effects of inhibitor on TLR4/NF-κB induced IL-1β secretion, the cells were prestimulated with TAK-242 (1 μM) and added to the cell culture for 30 min at 2 h before stimulation with LPS.
Primary hepatocytes were seeded in 24-well plates. TLR4 specific siRNA (siTLR4) and its negative control siRNA (siNC) were purchased from RiboBio Co., Ltd. (Guangzhou, China). More effective single siRNAs were used for further experiments as follows: siTLR4#1: CTA​CTA​CCT​CGA​TGA​TAT​T; siTLR4#2: GGA​AAC​TTG​GAA​AAG​TTT​G. Non-specific negative control siRNAs were also designed (sense strand: 5′-UUC​UCC​GAA​CGU​GUC​ACG-3′ and anti-sense strand: 5′-ACG​UGA​CAC​GUU​CGG​AGA​ATT-3′). Lipofectamine 3,000 transfection reagent (Invitrogen, United States) was used for co-transfection with 40 nM siTLR4#2 and siNC according to the manufacturer's recommendations. After 48 h, the cells were collected and subjected to subsequent experimentation.
Gene Expression Analysis
TRIzol reagent was used for total RNA isolation, and reverse transcription was performed using reverse transcriptase. Hepatic TLR2, TLR4, and TLR9 expression was quantified by RT-PCR.
Cytokine Detection by Enzyme-Linked Immunosorbent Assay and Luminex Analysis
Serum and supernatant levels of IL-1β and IFN-γ were analyzed using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. IL-2, IL-6, IL-10, TNF-α and CXCL8 in serum were quantified by Luminex xMAP technology on an LX200 instrument (Luminex Corp., Austin, TX).
Western Blotting Analysis
Protein extracts from whole cell and liver tissue samples were separated on SDS-PAGE gels and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Massachusetts, MA, United States). Total hepatic protein extraction was conducted using the radioimmunoprecipitation assay (RIPA) method. The membrane was sealed with 5% (w/v) skim milk in TBST buffer for 1 h and incubated at 4°C for 12 h with primary antibody diluted with 5% (w/v) skim milk TBST followed by secondary antibody coupled with horseradish peroxidase incubated with 5% (w/v) skim milk-TBST for 1 h. Antigen expression was observed using an enhanced chemiluminescence kit. The following primary antibodies were used: anti-P-gp (1:1,000), anti-CYP2C19 (1:1,000), anti-IL-1β (1:2,000), anti-NF-κB-p65 (1:50,000), anti-TLR4 (1:1,000), anti-MyD88 (1:1,000), anti-NF-κB (1:1,000), anti-GAPDH (1:10,000), anti-His-H3 (1:6,000), anti-TRAF6 (1:1,000) and anti-IL-1β-p17 (1:1,000).
Statistical Analysis
Data were analyzed using GraphPad Prism version 8.0. One-way analysis of variance (ANOVA) and t-tests were used to compare differences among treatment means. Linear regression analysis was performed using the loss minimization (LM) function in R 3.5.3 (R Core Team, Vienna, Austria). Data are presented as means ± standard deviation (SD). All statistical tests were two-sided and differences were considered statistically significant at p < 0.05.
RESULTS
Demographic information is shown in Supplementary Table S2.
The Metabolic Ability of Voriconazole Decreased During Inflammation
Sixty-five VRC trough concentrations were included in the analysis. There was a significant positive linear correlation between levels of the inflammatory marker CRP and VRC Cssmin (R2 = 0.45; p < 0.001), Figure 1B. CRP levels were significantly positively correlated with AST (R2 = 0.56; p < 0.001) (Figure 1D) and total bilirubin (R2 = 0.48; p < 0.001) (Figure 1E).
[image: Figure 1]FIGURE 1 | Correlation between CRP and adverse reactions in clinical voriconazole administration. (A) Schematic of sample collection process. (B) Scatterplot of VRC Cssmin vs. CRP concentration (mg/L). (C) Scatterplot of VRC metabolic ability vs. CRP concentration (mg/L). (D,E) Correlation between the CRP and liver function parameters possibly induced by voriconazole in peripheral blood. Each graph presents a trend line, regression equations, R-squared values (R2) and p-values of the regression model are shown on the figures (n = 65).
To explore the ability of CRP to metabolize VRC in liver, we quantified nitrogen oxides metabolized by VRC, calculated the metabolic capacity, and established the correlation between CRP and metabolic ability. Figure 1C shows all calculated metabolic ratios and indicates that they decreased with increasing CRP concentration. CRP levels were significantly correlated with metabolic ratios (R2 = 0.53; p < 0.001).
Based on the correlation between inflammation and ADR detailed above, we also analyzed the correlations between key inflammatory cytokines and B. fragilis in the two groups. We found that ADR were associated with higher levels of IL-1β in peripheral blood (Figure 2A).
[image: Figure 2]FIGURE 2 | Profiling of the gut microbiota and pro-inflammatory cytokines in individuals with AML. (A) Pro-inflammatory cytokine concentrations were determined in peripheral blood (n = 6, respectively). (B) Alpha diversity, measured by the inverse Simpson index (n = 6, respectively). (C) Community heatmap analysis at genus level (n = 5, respectively). (D) VIP scores of PLS-DA. VIP scores ranked discriminating power of various taxa between nonADR and ADR groups. Taxon with VIP score of > 1 was considered important in discrimination. (E) Identified reads of B. fragilis in ADR and nonADR patients. (F) Scatterplots of IL-1β levels in periheral blood vs. relative levels of B. fragilis. R2 and p-values of the regression model are shown on the figures.
Bacteroides Fragilis Abundance Was Higher in Patients Without Adverse Reactions
Alterations in patients’ microbial community structure and diversity may be associated with chemotherapy efficacy and toxicity (Jia et al., 2008). To determine whether gut microbial community diversity was altered in the AML individuals susceptible to ADRs, we evaluated α-diversity in the feces of nonADR and ADR patients using an inverse Simpson index, which is an overall diversity parameter (Figure 2B). Gut microbial abundance among groups was compared using a Wilcoxon rank sum test. At the phylum level, the abundance of Bacteroides was significantly lower in ADR patients than in nonADR patients (p = 0.025; Figure 2B).
Samples were randomly selected from each group and the relative differences in their genus-level Bacteroides abundance were analyzed. The heat map in Figure 2C shows that Bacteroides abundance was significantly higher in nonADR patients than in ADR patients. Variable importance in projection (VIP) scores for gut microbiota showed that B. fragilis contributed significantly to the group separation (Figure 2D). Identified reads of bacteria in the 16S rDNA data extracted from these fecal samples are presented in Figure 2E. Significant B. fragilis enrichment was found in the fecal samples obtained from AML patients presenting with no adverse reactions.
Based on the correlation between inflammation and ADRs outlined above, we also analyzed the correlations between key inflammatory cytokines and B. fragilis in the two groups. Of interest, IL-1β levels were negatively correlated with relative B. fragilis abundance (R2 = 0.58; p < 0.001) (Figure 2F). This finding, accords with the results presented in Figure 2A.
Bacteroides Fragilis Polysaccharide a Treatment Ameliorated Abnormal Hepatic Voriconazole Metabolism
We began by determining the appropriate dose of PSA for the animals (Figure 3). Based on the experimental analysis shown in Figures 3A,B, we set the dose for mice at 100 μg/kg, and that for rats at 50 μg/kg. Mouse survival analysis showed that PSA (100 μg/kg) significantly prolonged the survival times in the of LPS-induced model (Figure 3C).
[image: Figure 3]FIGURE 3 | Concentration screening over the effect of PSA on animal models. (A,B) Screening assay was performed at eight PSA concentrations (0, 10, 50, 100, 200,400, 600 and 800 μg/kg) in animals (n = 5, respectively). Optimum PSA concentration selection based on the levels of proinflammatory cytokines. (C) Kaplan-Meier survival curve analysis with PSA (100 μg/kg).
In the rat experiment, we verified that metabolism of VRC was abnormal in the inflammatory-model animals. The VRC metabolism drug-time curves for each group are shown in Figure 4A, which shows that VRC AUC and plasma disposal ability were significantly increased in the LPS-treated rats, as well as other pharmacokinetic (PK) parameters (Figure 4B), implying that inflammation increased the risk of VRC induced adverse reactions. PSA treatment significantly improved VRC AUC and other PK parameters.
[image: Figure 4]FIGURE 4 | VRC metabolism by LPS with or without PSA treated rats and mice. (A) VRC plasma kinetics in individual rats (n = 5, respectively). (B) Pharmacokinetic (PK) parameters in rats. (C) VRC blood concentrations in individual mice (n = 5, respectively). (D) VRC liver tissue concentrations in individual mice. The PK parameters were calculated according to the noncompartmental PK calculated by DAS 2.0 software. Tmax, maximum time corresponding to Cmax; AUC (0-∞), area under the curve from 0 to ∞; MRT, Mean residence time; t1/2, half-life; Cmax, maximum concentration; Rats receiving a single dose of VRC, 10 mg/kg; Mice receiving a single dose of VRC, 10 mg/kg. (a) LPS vs. CON; (b) LPS + Germ free vs. LPS; (c) LPS + Germ free + PSA vs. LPS + Germ free. Unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001.
In the mouse experiment, we monitored the dose-time relation of voriconazole in the liver and serum and again found that PSA alleviated the abnormal metabolism of voriconazole in the inflammatory-model animals (Figures 4C,D). PSA significantly reduced the peak concentration of voriconazole within 2 h. At 12 h, the concentrations of voriconazole in the liver and serum were significantly reduced (p < 0.05). These results imply that PSA was beneficial in reducing the residual amounts of voriconazole during metabolic clearance in vivo.
PSA administration also reversed VRC-induced hepatotoxicity in the inflammatory-model animals (Figures 4A–C). Levels of AST, ALT and TB were significantly lower in the PSA-treated group than in the LPS-treated group.
Polysaccharide A Reversed Hepatic Inflammatory Lesions
PSA is the main functional molecule produced by B. fragilis. It has a zwitterionic structure consisting of repeating oligosaccharide units comprising sugars with free amino and carboxyl groups. It is vital to the biological activity of bacteria (Supplementary Figure S1). To determine the optimal cellular and molecular concentrations required for an immune response to PSA in vivo, the effects of purified PSA on IL-1β and IFN-γ levels in mice were assessed. At 0–100 μg/kg, PSA decreased IL-1β and IFN-γ levels. At > 100 μg/kg, however, PSA was no longer inhibitive (Figure 3A). We selected a concentration of 100 μg/kg PSA for the mouse gastric-perfusion experiment.
After continuous intragastric PSA administration, the livers of the mice were excised for pathological examination. Continuous intragastric PSA administration significantly improved the inflammatory response and reduced the edematous liver tissue degeneration induced by LPS (Figure 5E). We then performed IHC experiments on the liver tissue and found that the IL-1β secretion in the PSA treated group did not differ from that in the normal control (CON) group, but was lower than that in the group with inflammation induced by LPS (Figure 5D).
[image: Figure 5]FIGURE 5 | Hepatic function and histological analysis of the livers after intravenous administration of LPS with or without PSA in mice. (A–C) Plasma chemistry profile analyses of aspartate transaminase (AST) (A) alanine transaminase (ALT) (B) and total bilirubin (C) after VRC treated 5 days (D) Left: Immunohistochemical (IHC) detection of hepatic IL-1β (200 × upper and 400 × down), Right: IL-1β expression intensity in different treated groups were analyzed (E) Left: Photomicrographs of stained with H&E (200×). Right: Semiquantitative pathology scores of liver tissues. *p < 0.05, **p < 0.01, ***p < 0.001; Unpaired t test.
Polysaccharide A Inhibits the Secretion of IL-1β Through the TLR4 Signaling Pathway
To confirm the foregoing results in vivo, we used western blotting to measure hepatic inflammasome suppression and drug enzyme and transporter protein upregulation in response to PSA treatment. Here, we specifically analyzed IL-1β, voriconazole metabolic enzyme (CYP2C19) and transporter (P-gp). Following PSA administration, the mRNA expression levels of IL-1β decreased in a dose-dependent manner, and this was reversed at a PSA concentration of 10 μg/ml, the proteins were immunostained in primary hepatocytes (Figure 6C). As expected, LPS stimulation induced significant IL-1β-17 protein secretion (Figures 6C–E). CYP2C19 and P-gp expression were down-regulated after LPS treatment. Remarkably, the western blot analysis showed that PSA treatment significantly reduced IL-1β protein expression, whereas that of CYP2C19 and P-gp significantly increased (Figures 6F,G).
[image: Figure 6]FIGURE 6 | PSA inhibits the secretion of IL-1β may through TLR4 signal pathway. (A) Optimum PSA concentration selection based on the mRNA expression levels of IL-1β. (B) mRNA levels of key toll-like recepters in the liver (n = 6–12). (C–G) Immunblots (C) and densitometric analysis of pro-IL-1β (D), IL-1β-p17 (E), CYP2C19 (F) and P-gp (G) in liver tissue homogenates treated with the vehicle, LPS and LPS + PSA. (G–K), Immunblots (H) of key proteins of TLR4 signal transduction and densitometric analysis of these proteins (I–L) in primary hepatocyte treated with the vehicle, LPS, LPS + PSA and LPS + TAK-242. Western blot results are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Unpaired t test.
To elucidate the mechanisms involved, we analyzed toll-like receptors TLR gene expression in primary hepatocytes and found that PSA upregulated TLR4 significantly after LPS stimulation (Figure 6B). Inhibition of the hepatic inflammatory response by PSA may be associated with down-regulation of the TLR4 signaling pathway. We therefore used TAK-242 to disrupt TLR4 signaling in primary hepatocytes. When TLR4 signaling was blocked in primary hepatocytes stimulated by LPS, there was a significant (p < 0.001) decrease in MyD88 and IL-1β protein levels (Figures 6K,L); to a lesser extent, NF-κB levels were also reduced (Figure 6I). Of note, a similar observation was made in PSA-treated primary hepatocytes: TLR4, MyD88, IL-1β and NF-κB-p65 were significantly decreased (p < 0.05). This may indicate that PSA can play a similar role to that of TAK-242 targeting the same target.
Polysaccharide A Up Regulates Expression of Hepatic CYP2C19 and P-gp by Inhibiting the TLR4/NF-κB Signaling Pathway
To investigate the potential role of PSA in the TLR4 signaling pathway, lentivirus encoding siRNA against TLR4 (siTLR4) was used to selectively reduce TLR4 gene expression in primary hepatocytes. Scramble siRNA was used as a control (siNC) (Figures 7A,B).
[image: Figure 7]FIGURE 7 | PSA up-regulates the expression of hepatic CYP2C19 and P-gp by inhibiting TLR4/NF-κB signal pathway. (A,B) RT-PCR and Western blot analyses were used to evaluate the efficiency of TLR4 knock-down by siRNA (**p < 0.01) (C–H) Immunblots (C) and densitometric analysis of TLR4 (D), MyD88 (E), TRAF6 (F), NF-κB (G) and IL-1β (H) in primary hepatocytes treated with the vehicle, LPS, LPS + siTLR4 and LPS + PSA (C,I–J), Immunblots (C) and densitometric analysis of CYP2C19 (I), and P-gp (J) in primary hepatocytes. Western blot results represent three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, t-test.
There were no significant differences in the expression of CYP2C19 or P-gp between the LPS + siTLR4 and LPS + siTLR4+PSA groups (Figures 7C,I,J). PSA did not further increase expression of these proteins when TLR4 was silenced. These results imply that PSA affects the NF-κB signaling pathway via TLR4.
Comparatively, PSA reduced the relative protein levels of the main molecules in the TLR4/NF-κB signaling pathway. Infecting cells with siTLR4 and exposing them to LPS significantly decreased expression of MyD88, TRAF6 and NF-κB, three key proteins downstream of TLR4 (Figures 7C,E–G). Similarly, under the same conditions, MyD88, TRAF6 and NF-κB expression did not significantly decrease in response to PSA alone. More importantly, PSA did not further increase IL-1β expression when TLR4 was silenced. These findings suggested that PSA may affect IL-1β expression via the TLR4/NF-κB signaling pathway, thus regulating the expression of metabolic enzymes.
DISCUSSION
The aim of this study was to determine whether the immunomodulatory molecule, PSA, from intestinal B. fragilis mitigates individual differences in VRC metabolism among patients with inflammation by regulating hepatic metabolic enzyme activity. Analysis of correlations between CRP and abnormal VRC metabolism in clinical cases revealed that hepatotoxicity and weak VRC metabolic ability significantly increased with CRP levels. Metagenome sequence analysis revealed that high B. fragilis abundance was strongly related to the inhibition of pro-inflammatory cytokines such as IL-1β. We established a sterile inflammatory disease model to elucidate the mechanism by which B. fragilis natural product capsular (PSA) alleviates abnormal VRC metabolism in an inflammatory environment. Molecular studies showed that PSA downregulated the LPS-induced IL-1β expression by inhibiting the TLR4/NF-kB signaling pathway. The former would alter the enzymatic expression of P-450 isoform (CYP2C19), as well as regulate drug transporters such as hepatic P-glycoprotein, ultimately affecting VRC metabolism. Figure 8 shows the major modes of action identified in this study.
[image: Figure 8]FIGURE 8 | Schematic illustration of PSA regulatory mechanism of VRC metabolism. PSA inhibits the TLR4/NF-κB axis signal transduction pathway induced by LPS, suppressed the secretion of mature IL-1β in the cytoplasm, promotes the expression of liver drug metabolic enzyme (CYP2C19) and transporter (P-gp and its protein coding gene ABCB1), and finally improves the metabolic ability of voriconazole.
Gene polymorphism may reflect differences in susceptibility to drug treatment between individuals (Mangal et al., 2018; Zhuo et al., 2020). Here, there was still inter-individual variability in VRC concentrations and hepatotoxicity even among patients of the same metabolic type. In the past 2 decades, studies on the effects of treatment-related gastrointestinal changes, protein-binding changes, drug-drug interactions and even food intake on voriconazole metabolism have been reported (Purkins et al., 2003; Hope et al., 2013; Yuan et al., 2020). While it has been shown that these physiological characteristics affect individual differences in response to voriconazole, the influence of inflammatory responses (eg., CRP, IL-6) in combination with these physiological characteristics on the course of disease has not been investigated. Furthermore, there has been no report on the effect of “3 + 7” therapy on voriconazole metabolism, or the effects of daunorubicin and cytarabine on voriconazole metabolism. On the other hand, one study found that intake of whole grains, fiber and healthy fats reduced systemic inflammation, and therefore represents a promising treatment for a deleterious inflammatory response (Bujtor et al., 2021). A high-quality diet may also alleviate the metabolic disorders associated with voriconazole. Therefore, patients with unconventional or unhealthy eating habits were excluded from this study. Although a prospective study reported that voriconazole metabolism is affected by severe inflammation (Veringa et al., 2017), the present study is the first to report clinical analysis samples from AML patients taking VRC. This has clarified the influences of CRP on individual differences observed in VRC concentrations, furthermore, we focused on a single disease (AML) and a specific treatment (“3 + 7”) to develop a microbiome-based therapy.
The liver promotes C-reactive protein production in hepatocytes by excreting circulating triglycerides and free fatty acids and triggering the release of cytokines which play key roles in inflammation (Zhong et al., 2020). The observed diminution in VRC metabolism during inflammation may be explained by the concomitant synthesis of hub targets of the active compounds, namely TNF-α, IL-1β and IL-6 which in turn, alter the expression of specific transcription factors such as NF-κB, leading to a vicious circle of inflammatory response (Zhou et al., 2020). Our results support the concept that disruption of metabolic capacity is accompanied by an increased in liver damage due to inflammation, CRP levels increased with the VRC exposure level. We found that patients prone to ADRs had significantly lower B. fragilis abundance than those who were not susceptible to them. Whole-metagenome sequence analysis also showed that B. fragilis abundance was negatively correlated with the levels of pro-inflammatory cytokines such as IL-1β. Hence, B. fragilis has a beneficial immunomodulatory effect on hosts undergoing VRC therapy. The results of this study are consistent with the concept that B. fragilis strongly reverses host susceptibility to inflammatory diseases (Sun et al., 2019).
Clinical findings need to be verified by basic experiments. We developed a sterile inflammatory disease model to elucidate the regulatory events responsible for the regulation of DMET gene expression by PSA. A recent study showed that oral PSA induced intestinal regulatory cells and prevented pro-inflammatory activity (Mazmanian et al., 2008; Ramakrishna et al., 2019). It was also shown to alleviate respiratory tract inflammations, encephalitis, and colitis (Sun et al., 2019). Here, we explored whether PSA would alleviate VRC hepatotoxicity in sterile inflammatory model. As expected, B. fragilis natural product ameliorated hepatic lesions and mitigated VRC hepatotoxicity. In the experiment using primary hepatocytes, we found that PSA significantly down-regulated the mRNA expression of TLR4 in toll-like receptor induced by LPS stimulation. Moreover, as shown in Figure 6C, with the decrease in IL-1β secretory protein in the PSA treated group, expression of CYP2C19 and P-gp increased. We speculate that B. fragilis PSA improves abnormal hepatic VRC metabolism induced by TLR4, which may trigger inflammatory cytokine production.
Notably, IL-1β is a central mediator of innate immunity and inflammation. TLRs induce activation of the NF-κB/MAP kinase (MAPK) signaling pathway, which leads to the transcription of genes encoding inflammatory cytokines (IL-1β and TNF-α), chemokines, cyclooxygenase-2, and inducible NO synthase (Stanke-Labesque et al., 2020). Accumulating evidence indicates that production of IL-1β is closely correlated with TLR4 (Jiménez-Dalmaroni et al., 2016; Phongsisay, 2016). IL-1β is a pleiotropic cytokine with multiple roles in various physiological and pathological conditions (Jesus and Goldbach-Mansky, 2014). We propose that to intervene in LPS-induced abnormal hepatic VRC metabolism, it is desirable to target IL-1β. Administered PSA suppresses TLR-mediated NF-κB activation in the nucleus, by extension, inhibiting IL-1β secretion. Figure 6H shows that the expression of IL-1β decreased significantly when the TLR4 signaling pathway was blocked. Of note, compared with the TLR4 signal inhibitor TAK-242, PSA had the same effect on IL-1β inhibition. This further simplies that IL-1β is a downstream inflammatory cytokine in the TLR4/NF-κB signaling pathway.
Moreover, we examined the effect of TLR4 silencing on LPS-induced metabolic inhibition and the prospective molecular mechanisms. Our in vitro results indicate that TLR4 deficiency abrogated the increases in LPS-induced TLR4 and TRAF6 expression. Subsequently, TLR4 deficiency attenuated LPS-mediated changes in the proinflammatory cytokine IL-1β. Finally, TLR4 deficiency increased the expression of metabolic enzyme and transporter genes in primary hepatocytes. Similarly, in the siTLR4+PSA group, cellular levels of these proteins were the same as those in the siTLR4 group. These data imply that the inhibitory effect of PSA on inflammation is similar to that of TLR4/NF-κB signal transduction, ultimately inhibiting the secretion of the downstream inflammatory factor IL-1β and promoting the expression of hepatic drug metabolic enzymes.
Nevertheless, the present study had several limitations. First, as PSA is an amphoteric macromolecular compound, it must have some impact on intestinal immune regulation. It has been reported that binding to TLR2+ pDC and macrophages, causes tissue-specific regulatory T cells to secrete IL-10 after orally administered PSA (Shen et al., 2012; Dasgupta et al., 2014). Therefore, other correlations between intestinal and hepatic cellular immunity need to be elucidated. Second, to the best of our knowledge, this study is the first to verify the therapeutic action of PSA on hepatocytes’ inflammatory response in vivo. Hence, the efficacy of PSA should also be validated in other diseases models such as in animal models of AML. Further studies are also warranted to determine whether gut bacteria such as B. fragilis that are associated with abnormal hepatic metabolism play roles in immune dysfunction and liver inflammation in the AML pathogenesis.
The present study demonstrated that PSA up-regulates the expression of hepatocellular CYP2C19 and P-gp via TLR4-mediated NF-κB transcription and IL-1β expression. Our findings imply that, monitoring of the abundance of B. fragilis in feces during voriconazole treatment is recommended during and after severe inflammation, to reduce the risk of adverse reactions to voriconazole.
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Hydroxytyrosol acetate (HT-AC), a natural polyphenolic compound in olive oil, exerts an anti-inflammatory effect in cardiovascular diseases (CVDs). Pyroptosis is a newly discovered form of programmed inflammatory cell death and is suggested to be involved in the atherosclerosis (AS) process. However, the effect of HT-AC on vascular endothelial cell pyroptosis remains unknown. Thus, we aimed to investigate the effect of HT-AC on vascular endothelial cell pyroptosis in AS and related signaling pathways. In vivo studies showed that HT-AC alleviated the formation of atherosclerotic lesions and inhibited pyroptosis in the aortic intima of ApoE−/− mice fed a high-fat diet (HFD) for 12 weeks. In vitro, we found that HT-AC treatment of human umbilical vein endothelial cells (HUVECs) alleviated tumor necrosis factor-alpha (TNF-α)-induced pyroptosis by decreasing the number of PI positive cells, decreasing the enhanced protein expressions of activated caspase-1 and gasdermin D (GSDMD), as well as by decreasing the release of pro-inflammatory interleukin (IL)-1β and IL-6. Besides, HT-AC down-regulated HDAC11 expression in the aortic intima of HFD-fed ApoE−/− mice and TNF-α-stimulated HUVECs. To determine the underlying mechanism of action, molecular docking and drug affinity responsive target stability (DARTS) were utilized to identify whether HDAC11 protein is a target of HT-AC. The molecular docking result showed good compatibility between HT-AC and HDAC11. DARTS study's result showed that HDAC11 protein may be a target of HT-AC. Further study demonstrated that knockdown of HDAC11 augmented the inhibition of HT-AC on pyroptosis in TNF-α-stimulated HUVECs. These findings indicate that HT-AC might prevent vascular endothelial pyroptosis through down-regulation of HDAC11 related signaling pathway in AS.
Keywords: hydroxytyrosol acetate, atherosclerosis, HDAC11, pyroptosis, vascular endothelial cells
INTRODUCTION
Atherosclerosis (AS) is a chronic inflammatory disease that is initiated by endothelial dysfunction and structural alterations and involves chronic inflammation of the vascular wall (Weber and Noels, 2011). Previous studies have shown that endothelial cell death is a crucial and initial stage in the process of AS (Wu et al., 2018; Xing et al., 2020). Pyroptosis is a newly discovered form of programmed inflammatory cell death differing from apoptosis and necrosis and suggested to be involved in AS process, which features gasdermin family mediated pore formation on the plasma membrane as well as the release of pro-inflammatory intracellular contents including interleukin (IL)-1β, IL-18 and High Mobility Group Box 1 (HMGB1) (Jia et al., 2019; Wang et al., 2020). Thus, the inhibition of endothelial cell death especially pyroptosis is of great significance to prevent AS. Hydroxytyrosol acetate (HT-AC) is the polyphenolic compound, which is present in the olive oil of the fruit and leaf of the olive (Lisete-Torres et al., 2012). Olive oil phenolic compounds can be used to prevent and treat cardiovascular diseases (CVDs) (Bulotta et al., 2014). Accumulating evidence indicates that HT-AC has antioxidant (Gordon et al., 2001), antiplatelet aggregating (González-Correa et al., 2008), and anti-inflammatory activities (Rosillo et al., 2015). In our previous study, we demonstrated that HT-AC had an anti-inflammatory effect in hypercholesterolemic mice and tumor necrosis factor-alpha (TNF-α)-stimulated human umbilical vein endothelial cells (HUVECs) (Yao et al., 2019). However, the underlying mechanism of HT-AC on inflammation is still under investigation. Since pyroptosis is involved in the inflammatory process of AS (Chang et al., 2013), we hypothesize that HT-AC might play a role in inflammation by regulating pyroptosis in endothelial cells. Thereby, we conducted this study to prove it.
Histone deacetylase 11 (HDAC11) is a class IV histone deacetylase, which is one of the most recently identified members of the HDAC family (Nutsford et al., 2019). HDAC11 has been shown to play a role in a variety of diseases including kidney ischemia and reperfusion (I/R) injury (Kim et al., 2013), cancer (Yue et al., 2020) and CVDs (Fan et al., 2018; Yuan et al., 2018). A study showed that HDAC11 knockout (HDAC11−/−) attenuated apoptosis, oxidative stress and inflammation in the heart of fructose-fed mice (Fan et al., 2018). Another study demonstrated that HDAC11 compromised the vascular endothelial barrier function by suppressing the expression of Ve-cadherin (Zhang and Ge, 2017). Besides, it has been reported that treatment of the HDAC11 inhibitor attenuated vascular injury in mice (Zhou et al., 2017). These studies suggested that HDAC11 was involved in CVDs. However, whether the regulation of HT-AC on the vascular endothelial cell pyroptosis is mediated by HDAC11 remains unknown.
Therefore, in the present study, we first determined the effects of HT-AC on the formation of atherosclerotic lesions and pyroptosis in the aortic intima of high-fat diet (HFD)-fed ApoE−/− mice for 12 weeks. Then, we examined the effect of HT-AC on pyroptosis in TNF-α-stimulated HUVECs and whether this effect of HT-AC was mediated by HDAC11 to elucidate its antiatherogenic mechanism.
MATERIALS AND METHODS
Materials
HT-AC (purity>98%) was purchased from APP-Chem Bio (Xi’an, China). Oil Red O staining kit and propidium iodide (PI) solution were purchased from Solarbio (Beijing, China). Mouse TNF-α and IL-1β enzyme-linked immunosorbent assay (ELISA) kit and human IL-6 ELISA kit were products of TBhealthcare (Foshan, China). TNF-α was obtained from PeproTech (Rocky Hill, New Jersey, United States of America). A CCK8 assay kit was obtained from biosharp (Hefei, China). Human IL-1β ELISA, lactate dehydrogenase (LDH) cytotoxicity assay kit, caspase-1 activity assay kit, 4′, 6-diamidino-2-phenylindole (DAPI), and Hoechchst 33342 staining solution for live cells were purchased from Beyotime (Haimen, China). Pro-caspase-1 and cleaved caspase-1 (caspase-1 p20) antibodies were obtained from Wanleibio (Shenyang, China). Antibodies against HDAC11 and CD31 were ordered from Abcam (Cambridge, Massachusetts, United States of America). Gasdermin D (GSDMD) antibody, cleaved GSDMD (Asp275) (GSDMD-N) rabbit mAb, mouse anti-β-actin, goat anti-mouse and anti-rabbit IgG-HRP antibodies, and goat anti-rabbit IgG (H + L) were purchased from Cell Signaling Technology Inc. (Beverly, Massachusetts, United States of America). Protease inhibitor cocktail and pronase were products of Roche (Mannheim, Germany). The Bradford protein assay kit was obtained from Pierce (Rockford, Illinois, United States of America). Lipofectamine 2000 transfection reagent and TRIzol reagent were purchased from Invitrogen (Carlsbad, California, United States of America). All-in-One cDNA Synthesis SuperMix and 2 × SYBR qPCR Master Mix were purchased from Bimake (Houston, Texas, United States of America). Fetal bovine serum (FBS) was obtained from Gibco (Grand Island, New York, United States of America). All these reagents were of analytical grade unless otherwise specified.
Animals and Establishment of Atherosclerosis Model
ApoE−/− mice in the C57/BL6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). Eight-week-old male ApoE−/− mice were housed in a SPF facility (12 h light/dark cycle). The mice were randomly divided into four groups (ten animals each): the normal diet (ND) group, the normal diet group treated with HT-AC (ND + HT-AC), the HFD group, and the HFD group treated with HT-AC (HFD + HT-AC). The animals of the HFD group were maintained on diet with a Western diet consisting of 21% fat and 0.15% cholesterol (Huafukang, Beijing, China) for 12 weeks to induce atherosclerosis. HT-AC was dissolved in sterile saline, then mice were gavaged with HT-AC at a dosage of 20 mg/kg/day for 12 weeks. After 12 weeks of treatment, all mice were fasted overnight (12 h), and then anesthetized with intraperitoneal 50 mg/kg of sodium pentobarbital and sacrificed.
Immunohistology of Atherosclerotic Lesions
The aortic root along with the basal portion of the heart was fixed with 4% paraformaldehyde, followed by embedding in optimum cutting temperature (OCT) compound (SAKURA, United States of America), and was then cut cross-sectionally into 7 μm-thick sections. Hematoxylin and eosin (H&E) staining and Oil red O staining were performed to show atherosclerotic lesions of the aortic root and the lipid deposition of atherosclerotic lesions. Besides, immunostaining was performed on the aortic root for the expressions of cleaved caspase-1 and HDAC11. CD31 was used as an endothelial marker. Images were captured using a fluorescence microscope (Olympus TL4, Japan).
Cell Culture and Treatment
A human umbilical vein endothelial cell line (CRL-1730 cells) was obtained from the American Type Culture Collection (ATCC, Manassas, United States of America). In brief, HUVECs were grown in DMEM/F-12 medium supplemented with 10% FBS and 100 U/ml penicillin-streptomycin in a humidified atmosphere of 5% CO2 at 37°C. When cells were grown to confluence, the culture medium was replaced with a serum-free medium for 24 h of incubation prior to experimental use. To determine whether HT-AC inhibited endothelial cell pyroptosis, cells were pretreated with different concentrations of HT-AC (25, 50 and 100 μmol/L) for 1 h and then incubated with TNF-α (40 ng/ml) for 12 h. To further detect whether the effect of HT-AC on pyroptosis was mediated by HDAC11, HDAC11 small interfering RNA (siRNA) was used. HDAC11 siRNA and negative control (NC) siRNA were chemically synthesized by Shanghai GenePharma Corporation (SGC, China). HUVECs were transfected with HDAC11 siRNA or NC siRNA using Lipofectamine 2000 according to the manufacturer's instructions. After 48 h, cells were pretreated with HT-AC (50 μmol/L) for 1 h and then incubated with TNF-α (40 ng/ml) for 12 h. HT-AC was dissolved in sterile saline.
Western Blotting
Total protein was extracted from the snap-frozen thoracic aorta of mice (20–30 mg) and HUVECs with RIPA lysis buffer containing protease inhibitor cocktail. The protein concentrations were determined by using the Bradford protein assay kit. Equal amounts of protein lysates were separated by SDS-PAGE gels and transferred to polyvinylidene difluoride membranes followed by a block with 5% skimmed milk at room temperature for 2–3 h. Subsequently, the membranes were incubated with primary antibodies against pro-caspase-1 (diluted 1:1,000), cleaved caspase-1 (diluted 1:1,000), GSDMD (diluted 1:1,000), GSDMD-N (diluted 1:1,000), HDAC11 (diluted 1:200) or β-actin (diluted 1:5,000) at 4°C overnight. After washing three times with tris-buffered saline and Tween 20 (TBST), the membranes were incubated with goat anti-rabbit IgG-HRP antibody (diluted 1:5,000) or goat anti-mouse IgG-HRP antibody (diluted 1:5,000) for 1–2 h. Then the membranes were washed three times with TBST and the enhanced chemiluminescent substrate was used for detection. The intensity of protein bands was analyzed by Lane 1D software (Sage Creation Science Co., China).
Cytokine Analysis by ELISA
Blood samples were obtained by penetrating the retro-orbital sinus in mice, and the serum was separated by centrifugation at 3,000 rpm for 15 min at 4°C. All samples were stored at −80°C until analysis. According to the manufacturer's instructions, concentrations of TNF-α and IL-1β in the serum of ApoE−/− mice and concentrations of IL-1β and IL-6 in cellular supernatant of HUVECs were detected by ELISA assay.
Cell Viability Assay
The cell viability was determined by a CCK8 assay. HUVECs were seeded in 96-well plates in complete medium and treated with different concentrations of HT-AC (12.5, 25, 50, 100 and 200 μmol/L) for 13 h, subsequently treated with 10 μl CCK8 reagent for 4 h. And then absorbance measurements were taken at 450 nm using a microplate reader (Thermo Fisher, United States of America).
Caspase-1 Activity Analysis
HUVECs were seeded onto a 6-well microplate with three replicate wells for each condition and cultured overnight to allow cells to attach. After the indicated treatments, cells were collected and caspase-1 activity was assayed using the caspase-1 activity assay kit according to the manufacturer’s instructions.
Measurement of LDH Release
HUVECs were plated in 48-well plates. Cell supernatants were collected and cellular debris was removed by centrifugation at 1,500 rpm for 5 min. Supernatant LDH levels were measured using the cytotoxicity detection LDH kit according to the manufacturer’s instruction.
Hoechst 33342/PI Fluorescent Staining
Double-fluorescent staining with Hoechst 33342 and PI was used to assess the formation of membrane pores during pyroptosis. The cells were stained with Hoechst 33342 staining solution for live cells and 2 μg/ml PI for 20 min in a humidified atmosphere of 5% CO2 at 37°C. Then the cells were washed three times with PBS. The fluorescence of Hoechst 33,342 was detected by a fluorescence microscope (Olympus TL4, Japan) at the excitation wavelength of 346 nm and the emission wavelength of 460 nm, and the fluorescence of PI was detected at the excitation wavelength of 535 nm and the emission wavelength of 615 nm.
Immunofluorescence
The HUVECs were fixed with 4% paraformaldehyde for 30 min, subsequently permeabilized with 0.3% Triton X-100 for an additional 30 min, and then blocked with normal goat serum for 1 h at room temperature. To determine the effect of HT-AC on HDAC11 expression and localization, the samples were incubated with anti-HDAC11 antibody (diluted 1:100) overnight at 4°C, followed by incubation with a goat anti-rabbit IgG (H + L) antibody (diluted 1:200) for 2 h at room temperature. Nuclei were stained with DAPI (1 μg/ml) dye and observed by a fluorescence microscope (Olympus TL4, Japan).
RNA Extraction and Real-Time PCR
RNA was extracted from the thoracic aorta of mice and cultured HUVECs using TRIzol reagent. RNA quality and integrity were detected using a NanoDrop ND1000 and determined via the A260/A280 ratio. And then the RNA was reversely transcripted to cDNA using All-in-One cDNA Synthesis SuperMix following the manufacturer's instructions. Quantitative real-time PCR was performed with 2 × SYBR Green qPCR Master Mix by StepOnePlus™ Real-Time PCR System (Thermo Fisher, Massachusetts, United States of America). Relative changes in mRNA levels were analyzed by the ΔΔCT method using GAPDH as a control. The sequences of primer pairs are as follows: Mouse HDAC11: forward 5′-GCC​CTG​GAT​CTG​CTC​CAA​CTA​C-3′,reverse 5′-AAC​TGG​TGA​CTC​TGG​CAT​CCT​C-3’;Mouse GAPDH: forward 5′-TGT​GTC​CGT​CGT​GGA​TCT​GA-3′,reverse 5′-TTG​CTG​TTG​AAG​TCG​CAG​GAG-3’;Human HDAC11: forward 5′-GAT​GTC​TAC​AAC​CGC​CAC​ATC​TAC​C-3′,reverse 5′- CCT​GCA​TTG​TAT​ACC​ACC​ACG​TC-3’;Human GAPDH: forward 5′-GGA​GCG​AGA​TCC​CTC​CAA​AAT-3′,reverse 5′-GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG-3’.
HDAC11 Protein Homology Modeling and Molecular Docking
The amino acid sequence of HDAC11 was retrieved from the protein database of NCBI (NP_079103.2). The crystal structure of human HDAC11 was built and validated using a fully automated protein structure homology-modeling tool at the Swiss-Model server (http://swissmodel.expasy.org). It has been shown that a good quality model would be expected to have over 90% in the most favored regions (Laskowski et al., 1996). The Surflex-Dock module of SYBYL X-2.0 (Tripos Inc., Saint Louis, MO, United States of America) was performed for the docking calculations with default parameters.
Drug Affinity Responsive Target Stability (DARTS) Analysis
Here, DARTS methods were used to identify whether HDAC11 protein is a target of HT-AC. Total protein was extracted from HUVECs with M-PER reagent (Thermo Scientific) containing a 1× protease inhibitor cocktail. The protein concentration of cell lysate was determined by using the Bradford protein assay kit. Then cell lysate was divided into identical aliquots of 50 μl, which was incubated with different concentrations of HT-AC (10, 100 and 1,000 μmol/L) or sterile saline for 2 h at 4°C. After incubation with the HT-AC is complete, each sample added 2 μl pronase solutions at different mass ratios of pronase to protein (1:100, 1:500, 1:1,000, 1:2,500 and 1:5,000). Then each sample was incubated with pronase for 20 min at room temperature, and each digestion reaction was stopped by adding 2 μl of 20 × protease inhibitor cocktail on ice for 10 min. Then the samples were subjected to SDS–PAGE for coomassie staining and Western blotting. Anti-HDAC11 (diluted 1:200) and anti-β-actin (diluted 1:5,000) antibodies were used as the primary antibodies.
Statistical Analysis
All quantitative data are presented as the mean ± SEM from three independent experiments. Statistical analysis was undertaken using GraphPad Prism (GraphPad Software, La Jolla, CA, United States of America). Multiple comparisons were assessed by one-way analysis of variance. Statistical significance was ascribed to a p value <0.05.
RESULTS
HT-AC Attenuated the Formation of Atherosclerotic Lesions in ApoE−/− Mice
To examine the possible impact of HT-AC on AS, we performed H&E and Oil Red O staining in histological sections of the aortic sinus of the ApoE−/− mice. Our results showed that severe atherosclerosis was successfully induced in our model, while 12 weeks of HT-AC treatment decreased the lipid deposition(Figure 1A) and plaque formation in ApoE−/− mice fed with HFD (Figures 1B,C). By comparison, no significant changes were noticed in the mice treated with ND. These results suggested that HT-AC attenuated the formation of atherosclerotic lesions in HFD-fed ApoE−/− mice.
[image: Figure 1]FIGURE 1 | HT-AC attenuated the formation of atherosclerotic lesions in ApoE−/− mice. ApoE−/− mice with ND or HFD with or without HT-AC treatment (20 mg/kg/day) for 12 weeks (A) Representative images showing the lipid deposition of aortic root sections with Oil red O staining, ×100 (B) Representative images showing the atherosclerotic lesions of aortic root sections with H&E staining, ×100. Scale bar indicates 500 μm (C) The atherosclerotic lesion area of aortic root sections was analyzed. ***p < 0.001 vs. ND group; #p < 0.05 vs. HFD group. Results are expressed as mean ± SEM (n = 10).
HT-AC Inhibited Pyroptosis in the Aortic Intima of HFD-Fed ApoE−/− Mice
Compared with the ND group, immunofluorescent double staining of the aortic sinus of cleaved caspase-1 and CD31 (an endothelial cell marker) revealed that caspase-1 activation (cleaved caspase-1 intensity) was significantly increased in the HFD group, while HT-AC significantly suppressed such an increase (Figure 2A). Western blotting results further showed that the protein expressions of cleaved caspase-1, GSDMD and GSDMD-N in the thoracic aorta of HFD-fed ApoE−/− mice were significantly increased as compared with the ND group, while HT-AC significantly suppressed the enhanced protein expressions of cleaved caspase-1, GSDMD and GSDMD-N (Figures 2B-E). In addition, concentrations of TNF-α and IL-1β in the serum of HFD-fed ApoE−/− mice were significantly increased as compared with the ND group, while HT-AC significantly suppressed concentrations of TNF-α and IL-1β in the serum of HFD-fed ApoE−/−mice (Figures 2F,G). Our findings suggested that HT-AC suppressed pyroptosis in the aortic intima of HFD-fed ApoE−/− mice.
[image: Figure 2]FIGURE 2 | HT-AC inhibited pyroptosis in the aortic intima of HFD-fed ApoE−/− mice (A) Frozen sections of aortic root were stained for activated caspase-1 (cleaved caspase-1) (stained in red). The nuclei were stained blue with DAPI. CD31 (stained in green) was used as an endothelial marker. Scale bar indicates 50 μm (B–E) The protein expressions of pro-caspase-1, cleaved caspase-1, GSDMD and GSDMD-N were determined by Western blotting (F,G) The concentrations of TNF-α and IL-1β in the serum were determined by ELISA. **p < 0.01, ***p < 0.001 vs. ND group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HFD group. Results are expressed as mean ± SEM (n = 10).
HT-AC Inhibited TNF-α-Induced Pyroptosis in HUVECs
The cell viability was measured after incubation with various concentrations of HT-AC (12.5, 25, 50, 100 and 200 μmol/L) for 13 h using the CCK8 assay. Consistent with our previous report, we found that there was no significant difference in the cell viability of HT-AC groups for different concentrations as compared with the control group (Figure 3A). To further investigate the effect of HT-AC on pyroptosis, the HUVECs were pretreated with different concentrations of HT-AC (25, 50 and 100 μmol/L) for 1 h and then stimulated with TNF-α (40 ng/ml) for 12 h. We found that TNF-α increased the protein expressions of activated caspase-1 and caspase-1 activity. However, HT-AC significantly decreased the protein expressions of activated caspase-1 and caspase-1 activity compared with the TNF-α group (Figures 3B-D). HT-AC also significantly decreased the protein expressions of GSDMD (Figure 3E) and GSDMD-N (Figure 3F) compared with the TNF-α group. Moreover, HT-AC significantly suppressed TNF-α-induced the release of pro-inflammatory IL-1β (Figure 3G) and IL-6 (Figure 3H). We further found that HT-AC significantly decreased TNF-α-induced pore formation and membrane rupture by decreasing the release of LDH (Figure 3I) and the number of PI positive cells (Figure 3J).
[image: Figure 3]FIGURE 3 | HT-AC inhibited pyroptosis in TNF-stimulated HUVECs (A) The cell viability was measured after incubation with various concentrations of HT-AC (12.5, 25, 50, 100 and 200 μmol/L) for 13 h using the CCK8 assay. The HUVECs were treated with different concentrations of HT-AC (25, 50 and 100 μmol/L) for 1 h, and then stimulated with TNF-α (40 ng/ml) for 12 h (B,C) The protein expressions of pro-caspase-1 and cleaved caspase-1 were determined by Western blotting (D) Caspase-1 activity was assayed using the caspase-1 activity assay kit (E,F) The protein expressions of GSDMD and GSDMD-N were determined by Western blotting (G,H) The concentrations of IL-1β and IL-6 in cellular supernatant of HUVECs were detected by ELISA assay (I) The LDH release was evaluated with a cytotoxicity detection LDH kit (J) Double-fluorescent staining with PI (red) and Hoechst 33,342 (blue) was used to assess the formation of membrane pores during pyroptosis, ×200. Scale bar indicates 100 μm **p < 0.01, ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TNF-α group. Results are expressed as mean ± SEM (n = 3).
HT-AC Down-Regulated HDAC11 Expression in the Aortic Intima of HFD-Fed ApoE−/− Mice and TNF-α-Stimulated HUVECs
To investigate the effect of HT-AC on HDAC11 expression, we examined the expression of HDAC11 in the aortic intima of ApoE−/− mice by immunofluorescent double staining of the aortic sinus of HDAC11 and CD31. The results showed that HDAC11 protein expression in the aortic intima of HFD-fed ApoE−/− mice were increased as compared with the ND group, while treatment with HT-AC decreased HDAC11 protein expression (Figure 4A). We further examined the expression of HDAC11 in the aorta of ApoE−/− mice by Western blotting and quantitative real-time PCR. We found that HDAC11 protein and mRNA expressions in the aorta of HFD-fed ApoE−/− mice were significantly increased as compared with the ND group, while HT-AC significantly decreased HDAC11 protein and mRNA expressions compared with the HFD group (Figures 4B,C).
[image: Figure 4]FIGURE 4 | HT-AC down-regulated HDAC11 expression (A) The expression of HDAC11 in the aortic intima of ApoE−/− mice by immunofluorescent double staining of the aortic sinus of HDAC11 and CD31. Scale bar indicates 50 μm (B,C) The expression of HDAC11 in the aorta of ApoE−/− mice was determined by Western blotting and quantitative real-time PCR. **p < 0.01, ***p < 0.001 vs. ND group; #p < 0.05, ##p < 0.01 vs. HFD group. Results are expressed as mean ± SEM (n = 10) (D) The expression and localization of HDAC11 in TNF-α-stimulated HUVECs were determined by immunofluorescence, ×200. Scale bar indicates 100 μm (E,F) The expression of HDAC11 in TNF-α-stimulated HUVECs was determined by Western blotting and quantitative real-time PCR. ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TNF-α group. Results are expressed as mean ± SEM (n = 3).
To further confirm whether the HDAC11 signaling pathway was involved in the regulatory effect of HT-AC on pyroptosis, HUVECs were pretreated with HT-AC for 1 h and then stimulated with TNF-α (40 ng/ml) for 12 h. The expression of HDAC11 was determined by immunofluorescence, Western blotting and quantitative real-time PCR. The results showed that HT-AC decreased HDAC11 protein and mRNA expressions compared with the TNF-α group (Figures 4D-F).
HT-AC May Target HDAC11
Given our findings that HT-AC down-regulated HDAC11 expression in the aortic intima of HFD-fed ApoE−/− mice and TNF-stimulated HUVECs, we explored the possibility of whether HT-AC targets HDAC11. Here, we evaluated the ability of HT-AC to bind to the HDAC11 ligand-binding domain to activate HDAC11 by molecular docking. The three-dimensional structure of human HDAC11 was built by homology-modeling (Figure 5A). Ramachandran plot analysis showed that the amino acid residue of the HDAC11 model had 91.27% in the most favored regions (Figure 5B). The molecular docking result showed good compatibility between HT-AC and HDAC11, indicating that HT-AC might act through HDAC11 (Figures 5C,D). DARTS methods were used to identify the potential molecular targets of HT-AC. We added pronase solutions at different mass ratios of pronase to protein (1:100, 1:500, 1:1,000, 1:2,500 and 1:5,000) to the experiment, the results showed that the 1:1,000 pronase to protein mass ratio was most suitable (Figure 5E). Further analysis revealed one visible differential band between HT-AC-treated HUVECs and the control group about 35–48 kDa molecular weight (Figure 5F). We also examined the protein expression of HDAC11 in HUVECs after treatment with HT-AC by Western blotting. Our results showed that various concentrations of HT-AC (10, 100 and 1,000 μmol/L) treatment of HUVECs prevented enzymatic digestion of HDAC11 protein compared with vehicle-treated pronase (Figure 5G).
[image: Figure 5]FIGURE 5 | HT-AC may target HDAC11 (A) Schematic SWISS-MODEL model of human HDAC11 (B) Ramachandran plot analysis of the three-dimensional structure of human HDAC11. The green, light green, and light blue regions represent the “most favored”, “additional allowed” and “generously allowed” regions that amino acid residue fall regions, respectively (C,D) The ability of HT-AC to bind to the HDAC11 ligand-binding domain by molecular docking (E) Cell lysates were subjected to pronase digestion at various mass ratios of pronase to protein (1:100, 1:500, 1:1,000, 1:2,500 and 1:5,000) and coomassie staining (F) After treatment with HT-AC (10, 100 and 1,000 μmol/L) for 2 h at 4°C, cell lysates were subjected to pronase digestion at the 1:1,000 pronase to protein mass ratio and coomassie staining (G) The protein expression of HDAC11 was examined by Western blotting in HUVECs following HT-AC treatment. *p < 0.05 and ***p < 0.001 vs. control group. Results are expressed as mean ± SEM (n = 3).
HT-AC Inhibited Pyroptosis Through HDAC11 in TNF-α-Induced HUVECs
Given our findings that HT-AC down-regulated HDAC11 expression and HT-AC might target HDAC11, we further explored the possibility of whether the inhibitory effect of HT-AC on pyroptosis is related to HDAC11. HUVECs were transfected with HDAC11 siRNA or NC siRNA for 48 h, and then the protein expression of HDAC11 was examined by Western blotting. HDAC11 protein expression was significantly declined and the knockdown efficiency of HDAC11 was 63% (Figure 6A). Then the HUVECs transfected with HDAC11 siRNA were pretreated with HT-AC (50 μmol/L) before stimulation with TNF-α (40 ng/ml). The protein expressions of pro-caspase-1, cleaved caspase-1 were detected by Western blotting, and caspase-1 activity was assayed using the caspase-1 activity assay kit. The results showed that knockdown of HDAC11 increased the inhibitory effects of HT-AC on cleaved caspase-1 protein expression and caspase-1 activity in TNF-stimulated HUVECs (Figures 6B-D). In addition, knockdown of HDAC11 increased the inhibitory effects of HT-AC on the protein expressions of GSDMD and GSDMD-N in TNF-stimulated HUVECs (Figures 6E,F). Our results further showed that knockdown of HDAC11 increased the inhibitory effects of HT-AC on the cellular supernatant concentrations of IL-1β (Figure 6G), IL-6 (Figure 6H) and LDH (Figure 6I), and the number of PI positive staining cells (Figure 6J) in TNF-stimulated HUVECs. Taken together, our findings suggested that the modulatory effect of HT-AC on pyroptosis is partly mediated by HDAC11 in TNF-α-stimulated HUVECs.
[image: Figure 6]FIGURE 6 | HT-AC inhibited pyroptosis through HDAC11 in TNF-α-induced HUVECs. HUVECs were transfected with HDAC11 siRNA or NC siRNA for 48 h (A) The expression of HDAC11 was determined by Western blotting. The HUVECs transfected with HDAC11 siRNA or NC siRNA were pretreated with HT-AC before stimulation with TNF-α (B,C) The protein expressions of pro-caspase-1 and cleaved caspase-1 were determined by Western blotting (D) Caspase-1 activity was assayed using the caspase-1 activity assay kit (E,F) The protein expressions of GSDMD and GSDMD-N were determined by Western blotting (G,H) The concentrations of IL-1β and IL-6 in cellular supernatant of HUVECs were detected by ELISA assay (I) The LDH release was evaluated with a cytotoxicity detection LDH kit (J) Double-fluorescent staining with PI (red) and Hoechst 33,342 (blue) was used to assess the formation of membrane pores during pyroptosis, ×200. Scale bar indicates 100 μm **p < 0.01, ***p < 0.001 vs. control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. TNF-α group; +p < 0.05 vs. TNF-α+HT-AC group. Results are expressed as mean ± SEM (n = 3).
DISCUSSION
HT-AC is present in the olive oil of the fruit and leaf of the olive. In the past few years, the beneficial effects of HT-AC have been demonstrated such as antioxidant (Gordon et al., 2001), antiplatelet aggregating (González-Correa et al., 2008), and anti-inflammatory effects (Rosillo et al., 2015) in CVDs. Herein, we demonstrated that HT-AC attenuated the formation of atherosclerotic lesions and inhibit pyroptosis in the aortic intima of HFD-fed ApoE−/− mice, and HT-AC inhibited pyroptosis in TNF-α-stimulated HUVECs. We demonstrated that HT-AC might play a role in inflammation by regulating pyroptosis in endothelial cells to prevent and treat AS. Importantly, our results showed that HT-AC might prevent pyroptosis in vascular endothelial cells via down-regulation of HDAC11 related signaling pathway.
The studies have demonstrated that HT-AC exerted anti-inflammatory effects in CVDs (Tabernero et al., 2014; Rosillo et al., 2015). In the present study, we observed that HT-AC attenuated the formation of atherosclerotic lesions in HFD-fed ApoE−/− mice. Previous studies have shown that treatment with salidroside (Xing et al., 2020) or Melatonin (Zhang et al., 2018) decreases atherosclerosis plaque formation in the aorta of HFD-fed ApoE−/− mice via inhibiting endothelial cell pyroptosis. Pyroptosis is accompanied by the release of a large number of pro-inflammatory factors (Chang et al., 2013). It has been reported that dietary HT-AC inhibited TNF-α and IL-1β levels in the plasma of cholesterol-rich diet-induced hypercholesterolemic rats (Tabernero et al., 2014). Our previous study found that HT-AC inhibited TNF-α and IL-1β levels in the serum of hypercholesterolemic mice (Yao et al., 2019). In the present study, we observed that HT-AC inhibited pro-inflammatory TNF-α and IL-1β levels in the serum of HFD-fed ApoE−/− mice. Several studies have provided evidence that pyroptosis is involved in the inflammatory process of AS (Chang et al., 2013). GSDMD N-terminal segment, the central effector molecule and executor protein, executes pyroptosis by promoting the formation of membrane pores (Liu H. et al., 2020). In the present study, GSDMD N-terminal segment was remarkably inhibited by HT-AC in the aorta of HFD-fed ApoE−/− mice. GSDMD N-terminal segment is the cleavage product of activated caspase-1 (Liu Z. et al., 2020). We found that HT-AC treatment significantly suppressed the protein expression of activated caspase-1 in the aortic intima of HFD-fed ApoE−/− mice. Combined with the above results, beneficial effects of HT-AC in the prevention and reversal of AS may be dependent on the regulation of activated caspase-1 and GSDMD signaling pathway. It has been well-known that TNF-α induces endothelial cell inflammatory injury, apoptosis and endothelial dysfunction (Jain et al., 2007). It has been indicated that TNF-α induced caspase-1 expression in A549 cells (Jain et al., 2007), and induced activation of caspase-1 in 3T3-L1 cells (Furuoka et al., 2016). During pyroptosis, GSDMD cleavage was dependent on caspase-1 activation, which promoted the formation of membrane pores and cell lysis as well as the release of pro-inflammatory intracellular contents (Opdenbosch and Lamkanfi, 2019; Liu Z. et al., 2020). In the present study, we observed that HT-AC treatment of HUVECs alleviated TNF-α-induced pyroptosis by decreasing the number of PI positive cells, decreasing the enhanced protein expression of activated caspase-1 and gasdermin D, as well as by decreasing the release of pro-inflammatory IL-1β and IL-6. These results suggested that HT-AC may play an anti-atherosclerosis role by inhibiting the pyroptosis of endothelial cells.
Histone deacetylase enzymes regulate diverse biological function, including gene expression, rendering them potential targets for intervention in a number of diseases (Moreno-Yruela et al., 2018). Among the human zinc-dependent histone deacetylase enzymes, the most recently discovered member, HDAC11, has been shown to play a role in CVDs through promoting apoptosis, oxidative stress and inflammation (Zhou et al., 2017; Fan et al., 2018). A study showed that peritoneal injection of a small-molecule HDAC11 inhibitor significantly attenuated the formation of neointima after carotid artery ligation in Sprague–Dawley rats (Fan et al., 2018). Another study showed that HDAC inhibitor Trichostatin A mitigated the inflammation-induced pyroptosis and apoptosis during endotoxemia-induced acute lung injury (Samanta et al., 2018). Our present study revealed that treatment with HT-AC decreased HDAC11 protein expression in aortic intima, and suppressed HDAC11 protein and mRNA expressions in the aorta of HFD-fed ApoE−/− mice. In addition, it has been reported that TNF-α can upregulate the expression of HDAC11 in B cells in a dose-dependent manner (Shao et al., 2018). Our study also indicated that TNF-α can upregulate the protein and mRNA expressions of HDAC11 in HUVECs, while HT-AC decreased HDAC11 protein and mRNA expressions in TNF-α-stimulated HUVECs. Therefore, we further investigated the possibility of whether HT-AC targets HDAC11. The molecular docking result showed good compatibility between HT-AC and HDAC11. DARTS has been used for the identification of ligand targets by identifying the alterations in proteolytic sensitivity that occur after the binding of ligand and receptor (Gong et al., 2013; Pai et al., 2015). In our present study, the DARTS result showed that various concentrations of HT-AC (10, 100 and 1,000 μmol/L) treatment of HUVECs prevented enzymatic digestion of HDAC11 protein compared with vehicle-treated pronase. However, the differential band about 35–48 kDa molecular weight is very weak and there is no evidence that this band originated from HDAC11. To further elucidate this question, liquid chromatography-mass spectrometry (LC-MS) analysis will be conducted to confirm the binding between HT-AC and HDAC11 in our laboratory. In addition, whether the activities of HDAC11 are inhibited by HT-AC were not further analyzed in the present study. Moreover, these data do not exclude the possibility of other potential targets (Yang et al., 2017). Therefore, the molecular docking and DARTS analysis indicated that HT-AC may bind to HDAC11. In addition, Stammler D et al. revealed that treatment of HDACi increased lipopolysaccharide-mediated secretion of IL-1β via a caspase-1-independent mechanism (Stammler et al., 2015). Our research found that knockdown of HDAC11 with siRNA increased the inhibitory effects of HT-AC on pyroptosis in TNF-α-stimulated HUVECs. Therefore, HT-AC may exert the modulatory effect on pyroptosis partly through the HDAC11-mediated signaling pathway.
In conclusion, HT-AC in vivo attenuated the formation of atherosclerotic lesions and pyroptosis in the aortic intima of HFD-fed ApoE−/− mice. In vitro, we found that HT-AC treatment of HUVECs alleviated TNF-α-induced pyroptosis. Moreover, HT-AC might prevent pyroptosis in vascular endothelial cells via down-regulation of HDAC11 related signaling pathway (summarized in Figure 7). These findings provide a novel mechanism to the beneficial effects of HT-AC in the prevention and reversal of AS.
[image: Figure 7]FIGURE 7 | Schematic illustration of the signaling pathway involved in the effect of HT-AC on pyroptosis in HUVECs.
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Background: Depression and contact dermatitis (CD) are considered relatively common health problems that are linked with psychological stress. The antioxidant, anti-inflammatory, and antidepressant activities of pumpkin were previously reported.
Objectives: This study aimed to evaluate the efficacy of the combined topical and oral application of pumpkin fruit (Cucurbita pepo L.) extract (PE) in relieving CD associated with chronic stress–induced depression and compare it to the topical pumpkin extract alone and to the standard treatment.
Materials and Methods: Forty male albino rats were exposed to chronic unpredictable mild stress (CUMS) for 4 weeks for induction of depression and then exposed to (1-fluoro-2, 4-dinitrofluorobenzene, DNFB) for 2 weeks for induction of CD. Those rats were assigned into 4 groups (n = 10 each); untreated, betamethasone-treated, PE-treated and pumpkin extract cream, and oral-treated groups. Treatments were continued for 2 weeks. All groups were compared to the negative control group (n = 10). Depression was behaviorally and biochemically confirmed. Serum and mRNA levels of pro-inflammatory cytokines, such as TNF-α, IL-6, COX-2, and iNOS, were assessed. Oxidant/antioxidant profile was assessed in the serum and skin. Histopathological and immunohistochemical assessments of affected skin samples were performed.
Results: Pumpkin extract, used in this study, included a large amount of oleic acid (about 56%). The combined topical and oral administration of PE significantly reduced inflammatory and oxidative changes induced by CD and depression compared to the CD standard treatment and to the topical PE alone. PE significantly alleviated CD signs and the histopathological score (p < 0.001) mostly through the downregulation of pro-inflammatory cytokines and the upregulation of antioxidants.
Conclusion: Pumpkin extract, applied topically and orally, could be an alternative and/or complementary approach for treating contact dermatitis associated with depression. Further studies on volunteer patients of contact dermatitis are recommended.
Keywords: skin, inflammation, CD4, CD68, COX2, iNOS, antioxidants, oleic acid
INTRODUCTION
Depression is a common illness worldwide as more than 264 million people are suffering from it. Depressed persons suffer greatly and function poorly at work, at school, and in the family. There is a link between depression and physical health (WHO, 2020). The Lancet Psychiatry Commission concluded that patients with depression are at a higher risk for premature mortality and morbidity due to their unhealthy food choices, adverse effects of some offered treatments, and the effects of its symptoms (Firth et al., 2019).
The prevalence of contact dermatitis (CD, one of the skin inflammatory diseases, was described to be 10–40%, in general population; Ozgur et al. (2018). The occupational CD was reported to represent 70–90% of all occupational skin diseases and was described to deteriorate the functional capacity and the quality of life of the patient (Malik and English, 2015). Some studies have reported that psychological stress acts as a precipitating factor in triggering or worsening various skin diseases, including atopic contact dermatitis (Picardi et al., 2005; Amano et al., 2008). On the other hand, some biological and social studies support the causal effect of atopic CD on depression (Choi et al., 2018). CD was described to be linked to allergy and was proved to be associated with inflammatory factors (Thyssen et al., 2014). IL-6 and TNF-α have been reported to be elevated in mice showing behavioral despair and in patients with depression (Numakawa et al., 2014; Taraz et al., 2015). In a recent study conducted on depressed patients, the pro-inflammatory cytokine IL-6 was increased and TNF-α was correlated with psychological and cognitive fatigue (Pedraz-Petrozzi et al., 2020). Therefore, treatments with anti-inflammatory effect might be effective for treating CD and depression.
Recently, Cucurbita genus has received a great interest as it has been used in folk medicine in many countries for the treatment of gastrointestinal diseases and other clinical conditions (Salehi et al., 2019). Ethnopharmacological studies showed that pumpkin seeds were used to improve the erysipelas skin contamination (Yang et al., 2000). In addition, Cucurbita pepo L was used in some countries for treating burns and wounds (Ejaz et al., 2014), acne, dermatitis, and ecchymosis (Rigat et al., 2015). Traditional medicines, mainly Ayurvedic systems and Chinese medicine, have used different parts of the plant, including flesh of the fruits and seeds (Perez Gutierrez, 2016).
Pumpkin was described to have many health benefits, such as antioxidant, anti-inflammatory, and anti-fatigue (Wang et al., 2012; Nawirska-Olszańska et al., 2013). The effect of pumpkin on the central nervous system specifically was previously described, as the consumption of pumpkin seed oil (PSO) showed an efficacy in relieving the symptoms of ischemic stroke after ischemia-reperfusion (Shiri et al., 2016). In addition, pumpkin seed extracts were reported to produce antidepressant effects in rats comparable to that of imipramine, an antidepressant drug (George and Nazni, 2012). Sweetme Sweet Pumpkin (SPP) and Cucurbita moschata Duch. also showed an antidepressant effect in forced swimming test (FST)-induced depression comparable to that of fluoxetine, a classical antidepressant (Kim et al., 2016). They added that SPP and Cucurbita moschata Duch. increased brain tissue levels of the brain-derived neurotropic factor (BDNF), whereas they reduced the level of inflammatory cytokine (Kim et al., 2016). In a relatively recent review, pumpkin was described to have an antidepressant food score of 46%, indicating its antidepressant potential (LaChance and Ramsey, 2018). Recently, Dotto and Chacha (2020) endorsed conducting more animal and clinical trial–based researches in order to confirm the ameliorative effect of pumpkin seed on depression.
Regarding the effect of pumpkin on the skin, it was described that Cucurbita pepo L. seed oil even in small proportions significantly benefits the skin by increasing collagen synthesis and providing adequate photoprotection (Narendhirakannan and Hannah, 2013). Adding to that, Cucurbita pepo L. seeds’ oil has been described to be effective in enhancing healing of cutaneous diseases (Bardaa et al., 2016) and burns due to antioxidant and antibacterial activity (Bahramsoltani et al., 2017). Not only that, Bora et al., (2019) reported that the formulation including pumpkin seed oil and melatonin showed augmented anti-inflammatory effects occur in UV radiation–related sunburn along with the downregulation of inflammatory cytokines.
Putting together these studies, pumpkin fruit extract was hypothesized to improve both CD and depressive status due to its anti-inflammatory and antidepressive effects, respectively. This study aimed to evaluate the efficacy of the combined topical and oral application of Cucurbita pepo L. fruit extract in relieving CD associated with depression compared to topical pumpkin extract as well as the standard CD treatment.
MATERIALS AND METHODS
This study was approved by the Biomedical Research Ethics Committee at the Faculty of Medicine, King Abdulaziz University, Jeddah, KSA (reference number 45-20).
Chemicals
Betamethasone valerate (BETA) was purchased from EPICO (19th of Ramadan City, Egypt) and used to treat the positive control group for pharmacological validation of the pumpkin extract (PE) cream. It was used at a dose of 75 μg (thinly and gently paint) using a specific brush twice a day for two weeks.
Fresh pumpkin (Cucurbita pepo L.) fruits were obtained from the local market at Jeddah, Saudi Arabia (voucher specimen: AQJ_123). It was identified in the King Abdulaziz University herbarium using specimens of herbarium, flora of KSA (Chaudhary, 2001). Voucher specimen was deposited in the herbarium, and the identification was verified by a botanist (Dr Faten Filimban, a certified plant taxonomist at Division of Botany, Department of Biology at King Abdulaziz University).
Extraction of pumpkin was done according to Wang et al. (2012). First, the seeds were removed, and the raw fruits with skin were cut with a slicer, dried in a freeze dryer (FD5508; ILShinBase Co., Ltd., Korea), and crushed by grinding using an electrical machine. The obtained powder was passed through a 40-mesh sieve to get the fine powder to be stored in an airtight container.
The dried powder of pumpkin (50 g) was mixed with 450 ml of 80% ethanol at 37 C temperature for 1 day, left in shaker machine (JSSI-100T; JS Research Inc., Compact Shaking Incubator., Korea) for 1 day, and filtered with cotton and filter paper at the next day. This extraction process was repeated twice, and the excess solvent was evaporated under reduced pressure using a rotary vacuum evaporator (HS-2005S; HAHNSHIN Scientific Co., Ltd., Korea) to give an ethanol extract. It was left at fume hood for extra evaporation of ethanol, and then the extract was dried in freeze-dryer machine (FD5508; ILShinBase Co., Ltd., Korea). Pumpkin extract was stored in a suitable container till use after being diluted with hot distilled water in a dilution of 2:1 in an ultrasonication bath (Elmasonic S, lma Schmidbauer GmbHm Singen, Germany) and was administrated at a dose of 100 mg/kg by gavage once daily for two weeks (Wang et al., 2012).
Analysis of the PE
The chemical composition of PE was analyzed using trace gas chromatography GC-TSQ Evo 8000 mass spectrometer (Thermo Scientific, Austin, TX, United States) with a direct capillary column TG-5MS (30 m × 0.25 mm × 0.25 µm film thickness). The column oven temperature was initially held at 50°C, then increased by 5°C/min and held at 250 °C for 2 min, and increased to the final temperature of 300°C by 25°C/min and held for 2 min. The injector and MS transfer line temperatures were kept at 270 and 260°C, respectively; helium was used as a carrier gas at a constant flow rate of 1 ml/min. The solvent delay was 4 min, and diluted samples of 3 µL were injected automatically using an Autosampler AS1300 coupled with GC in the splitless mode in the PTV injector. EI mass spectra were collected at 70 eV ionization voltages over the range of m/z 50–650 in full scan mode. The ion source temperature was set at 250°C. The components were identified by comparison of their mass spectra with those of WILEY 09 and NIST 14 mass spectral database that is used in identification and study the chemical composition of unknown components in any extract (Wiley, 2006; Mikaia et al., 2014).
Analysis had been done in the qualitative type using Thermo Scientific™ Xcalibur™ 2.2 software, and all values were reported in relative percentage (Abd El-Kareem et al., 2016).
Preparation of PE Cream
Simple ethanolic PE was formulated into cream as was previously described by Chen et al. (2016) with a modification. Oils used by Chen et al. were replaced by olive oil.
The PE cream was stored in a suitable container till the time of use at the dose (0.52 μL/mm2) reported by Bardaa et al. (2016), who used extracted oils of Cucurbita pepo L. for treating second-degree burns in rats.
Experimental Design
Fifty male albino rats weighing 30–40 g were obtained from animal house of the King Fahd Medical Research Center (KFMRC) and left to acclimatize in the laboratory condition. Weights of the rats at the start of the experiment were ranged from 150 to 200 g. They were housed in plastic cages in an air-conditioned room at 22 ± 1°C and offered the standard animal chow and water ad libitum. Ten rats, which were left unexposed to neither stress nor CD, were assigned as the negative control group (control). The other forty rats were subjected to a CUMS procedure as they were exposed to different types of stressors at different times during the day for 4 weeks in order to prevent habituation to the stressors. The CUMS procedure was fully described in previous works (Ayuob et al., 2018).
Induction of Skin Contact Dermatitis
A rectangular area (3 × 2 cm) on the dorsal surface of the rats was marked, and hair over this area was carefully shaved with an electrical shaving machine. Contact dermatitis was induced in the shaved area in all rats exposed to CUMS according to Simonetta and Bourgeois (2011). Briefly, rats were sensitized by painting 50 μL of 1-fluoro-2,4-dinitrofluorobenzene (DNFB) (0.1%, v/v) in acetone:olive oil 4:1 (AOO) onto the shaved dorsum of each animal for three consecutive days. Four days after sensitization, each rat was challenged by painting 30 μL of DNFB (0.2%, v/v) in AOO onto the dorsum every two days for 15 days. The painted areas were observed for signs of skin irritation for two weeks. These rats were then divided into 4 groups (n = 10 each). The positive control group was treated with the vehicle AOO. The CD + BETA group was topically treated with betamethasone cream, while the CD + PE group was topically treated with PE cream. CD + PE cream and the oral group were topically treated with PE cream and orally treated with PE. Topical treatments were performed using a special paint brush twice a day for two weeks.
Behavioral Changes
In order to confirm the effect of CUMS, the forced swim test (FST) and elevated plus maize (EPM) were conducted for all rats after 4 weeks. Regarding FST, it was conducted according to Yankelevitch-Yahav et al. (2015). During this test, the rat was left to swim in a glassy cylindrical container with 15 cm depth of water at 25 ± 2 C. The rat was observed for 6 min by a technician blind to the experiment groups. The total time, in seconds, spent by the rat without mobility during the 6 min was determined. Immobility was defined as "the cessation of limb movement, except for the minor movement necessary to keep the rat afloat."
Regarding the elevated plus maze (EPM) test, it was performed according to Carobrez and Bertoglio (2005). The number of closed arm entries during 6 min and time spent by each mouse inside the open and closed arms were recorded in seconds.
Serum Levels of Corticosterone and Pro-Inflammatory Cytokines
Blood samples were obtained for biochemical assessment from the intra-orbital sinus after completing the 4 weeks of exposure to CUMS and from the heart at the end of the experiment. Centrifugation was performed at 3,000 rpm for 15 min at 4 C to obtain the serum from the blood samples and was kept at −18°C. The corticosterone level was assessed to confirm induction of depression using enzyme-linked immunosorbent assay (ELISA) kits (ALPCO Diagnostics, Orangeburg, NY, United States) according to the manufacturer’s instructions.
Tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (Quantikine R&D system, United States) kits were measured in the serum using ELISA according to the manufacturer’s instruction. The optical density of each sample was determined in duplicate with a microplate ELISA reader set to 450 nm.
Pro-Inflammatory Cytokines in the Skin
To assess the anti-inflammatory effect of treatment, the levels of cytokines such as TNF-α, IL-6, cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) were measured in the skin. Samples of the affected skin were obtained and kept at −80°C for assessment of protein and gene expression. These frozen samples were homogenized and then centrifuged for 10 min at 5,000 g. The supernatant was used for ELISA (Thermo Fisher, Vienna, Austria) to assess the levels of cytokines.
Oxidant/Antioxidant Profile in the Skin and Serum
Malonaldehyde (MDA) was used for the estimation of damage by reactive oxygen species (H2O2). The level of MDA was measured spectrophotometrically at 535 nm using the thiobarbituric acid reactive substance (TBARS) Assay Kit (Biodiagnostic; Egypt) according to the method described by Gamal et al. (2018).
In order to determine the superoxide dismutase (SOD) activity, nitroblue tetrazolium (NBT) was used. SOD Assay Kit (Biodiagnostic; Egypt) allowed very convenient SOD assaying through reduction of NBT to insoluble blue formazan. The method described by Packer (2002) was used.
Glutathione peroxidase (GPX) Kit (Randox Labs, Crumlin, United Kingdom) was used to assess GPX. To quantify catalase (CAT) activity, a calibration curve was generated for the assay using kits (Biodiagnostic; Egypt). The method used was described by Gamal et al. (2018).
Quantitative Real-Time Polymerase Reaction
Total RNA extraction was done from the tissue samples using the TriFast™ reagent (PeqLab, Germany, Cat No.: 30–2010) according to the provided manufacturer’s protocol. The concentration of the purified RNA was estimated by NanoDrop 2000c Spectrophotometer (Thermo Scientific, United States). The extracted RNA from each sample was reverse-transcribed using the SensiFAST™ cDNA Synthesis Kit for qRT-PCR (Bioline United States Inc., United States, Cat No.: BIO-65053), following the manufacturer’s instruction. The synthesized cDNA was stored at −80°C until utilization for qRT-PCR.
The qRT-PCR reactions were performed using the SensiFAST™ SYBR Lo-ROX Kit (Bioline United States Inc., United States, Cat No.: BIO-94002) on the Applied Biosystems 7500 real-time PCR detection system (Life technology, United States). Gene-specific primers for rat-GAPDH internal control, rat-TNF-α, rat-IL-6, rat-iNOS, and rat-COX2 were designed using Primer3 software (v.0.4.0), while their specificity was checked using NCBI/Primer-BLAST program. The primers were purchased from Willowfort™ (United Kingdom) and the forward and the reverse primer sequences for the studied genes are presented in Supplementary Material S1. The PCR mixture was prepared as follows: 10 µL SensiFAST™ SYBR Lo-ROX Mix, 0.8 µL forward primers, 0.8 µL reverse primer, 2 µL template cDNA, and 6.4 µL nuclease-free water. The reaction mix was transferred to thermal cycler that was previously programmed to an initial hold at 95°C for 2 min followed by 40 cycles of 95°C for 15 s and then 60°C for 30 s. A negative control reaction containing no template was run in each experiment.
Melting curve analysis was carried out to prove specificity of PCR products, and the Ct value for each reaction was obtained from amplification plots. The relative quantification for each gene expression in the tissue samples was calculated using the comparative threshold (ΔΔCt) method with the GAPDH as the internal control gene. For overall fold change, it was calculated and linearized by the 2−ΔΔCt arithmetic formula.
Histological Techniques
At the end of the experiment, rats were anesthetized with 4% isoflurane (SEDICO Pharmaceuticals Company, Cairo, Egypt) in 100% oxygen and then euthanized by cervical dislocation. The chest wall was opened, and blood was obtained rapidly from the heart. Skin samples (2 × 2 mm) were immediately and gently dissected out and fixed in 10% neutral buffered formalin to be further processed for obtaining paraffin blocks. Paraffin sections at 4-μm thickness were prepared and stained with hematoxylin and eosin (Hand E) and Masson’s trichrome stain.
Another set of paraffin sections, at same thickness, was immunohistochemically stained using the streptavidin–biotin–peroxidase technique. Anti-CD68 antibodies (Biocare Medical, Pachieco, United States, at a dilution 1/100), Anti CD4 (Biocare Medical, Pachieco, United States, at a dilution 1/100), and anti-COX-2 (Biocare Medical, Pachieco, United States, at a dilution 1/100) were utilized in this study. CD68 and CD4 were used for detection of macrophages and T lymphocytes, respectively. The primary antibody was omitted while the secondary antibody IgG was added during staining of some slides to act as negative control slides. The nuclei were counterstained with hematoxylin. Brown cytoplasmic staining was considered positive reaction in the three antibodies. Olympus Microscope BX-51 (Olympus, Germany) connected to a digital camera and a computer was used for photographing the histological sections. Image-Pro Plus Analysis Software (Media cybernetics, United States) was used for semi-quantitative analysis of antibody immunoreactivity. The area percentage of immunoexpression of CD68−, CD4, and COX-2, used as an indicator of the extension of the reaction, was assessed in 30 fields using a × 40 objective lens and × 10 ocular lens. Epidermal thickness was measured in at least five fields in each slide, and the mean was calculated for each animal.
The histopathological scores of contact dermatitis were assessed using the scoring system previously described by Wang et al. (2015). This scoring system includes two parameters: infiltration of inflammatory cells (Grade 0, no changes; Grade one, few infiltrations; Grade 2, moderate infiltrations; and Grade 3, extensive infiltrations) and cuticulate epidermis (Grade 0, no changes; Grade 1, minor keratinization in epidermal tissue; Grade 2, obvious epidermal keratinization; and Grade 3, severe keratinization in epidermal tissue).
Statistical Analysis
Statistical Package of Social Science Program (SPSS, SPSS Inc., Chicago, Illinois, United States) version 20 was used to analyze the raw data. Results were presented in the form of mean ± standard deviation (SD). The F-test (one-way analysis of variance) was used to compare the studied groups followed by the post hoc Bonferroni test to compare each two groups and avoid repeated comparisons. Significance was considered when p < 0.05.
RESULTS
Compounds Detected in PE Using GC-MS
The constituents of PE, used in this study, mainly include oleic acid (about 56%), palmitic acid (about 8.9%), linolenic acid (3.5%), and linoleic acid (2.8%) beside many other compounds (Table 1). Some compounds of PE with anti-inflammatory effects were detected in this study such as oleic acid, palmitic acid, linolenic acid, betulin, and linoleic acid, while others have antimicrobial and antibacterial effects as 10-octadecenoic acid. Some compounds with antihistaminic and anti-eczemic effects were also detected like linolenic acid and linoleic acid, besides those with antioxidant effects as palmitic acid.
TABLE 1 | Component of Cucurbita pepo L. extract identified using gas chromatography and mass spectrometer (GC-MS) analysis.
[image: Table 1]Confirmation of Depressive Status
After 4 weeks of exposing rats to CUMS, the development of depression-like behavior was confirmed through assessment of the behavioral changes and serum corticosterone level. A significant (p < 0.001) increase in the mean immobility time during FST was recorded in all CUMS-exposed rats compared to the control. Although no significant difference in the immobility time was recorded in either BETA-treated (p = 0.44) or PE cream–treated (p = 0.33) groups, a significant decrease (p < 0.001) was recorded in the group treated with topical and oral PE compared to the untreated and PE cream–treated groups (Figure 1A).
[image: Figure 1]FIGURE 1 | (A): Confirmation of the depressive status in rats after exposure to CUMS through assessing of immobility time in FST, the EPM test, and the corticosterone level in the serum. (B): Pumpkin extract affects the DNFB-induced dermatitis in rats morphologically as it improves the signs of contact dermatitis. CD: contact dermatitis, BETA: Betaderm, and PE: pumpkin extract. Data are presented as the mean ± SD, n = 10. Comparison between groups was done using the one-way ANOVA test followed by the Bonferroni post hoc test. FST: forced swimming test and EPM: elevated plus maize test.
The EPM revealed a significant decrease (p < 0.001) in the time spent by CUMS-exposed rats in the open arm as well as a significant increase (p < 0.001) in the number of closed arm entries compared to the control.
Although no significant difference in both parameters was recorded in either BETA- or PE cream–treated groups, the group treated with topical and oral PE showed a significant increase (p < 0.001) in the time spent in the open arm as well as a significant decrease (p = 0.002, p = 0.01) in the number of closed arm entries compared to the untreated and PE cream–treated groups, respectively.
Administration of FLU and Pump significantly increased (p < 0.001) the time spent in the open arm compared to the CUMS group.
Also, the number of closed arm entries was significantly increased (p < 0.001) after CUMS exposure in comparison to the control group, while administration of FLU (p < 0.001) and Pump (p = 0.001) significantly decreased it in comparison to the CUMS group.
Regarding the serum corticosterone level, it showed a significant (p < 0.001) increase in the CUMS-exposed rats. Neither BETA nor PE cream significantly affected (p = 0.34, p = 0.78) the serum corticosterone level, respectively, while the group treated with topical and oral PE showed a significant reduction (p < 0.001) compared to the untreated as well as the PE-treated group (Figure 1B).
Morphologic Appearance of Contact Dermatitis
Painting of the dorsal skin of rats with DNFB for two weeks resulted in the appearance of signs of CD that included hardness, dryness, and scaling. Application of BETA, and topical and oral PE for two weeks progressively improved these changes compared to the untreated group (Figure 1B).
Anti-Inflammatory Effect of PE
To assess the anti-inflammatory effect of PE, pro-inflammatory cytokine levels were measured. It was found that serum TNF-α and IL-6 levels were significantly increased (p < 0.001) in the untreated CD group compared to the control, while their levels showed no significant difference in either BETA-treated (p = 0.44, p = 0.08) or PE-treated (p = 0.26, p = 0.06) groups. On the other hand, serum TNF-α and IL-6 significantly reduced (p < 0.001) in the group treated with topical and oral PE compared to both untreated CD and PE-treated groups (Figure 2A).
[image: Figure 2]FIGURE 2 | Pumpkin extract attenuates the pro-inflammatory cytokine secretion in DNFB-induced contact dermatitis. Levels of IL-6 and TNF-α in the serum (A) and in skin (B) were assessed using ELISA. The levels of mRNA of IL-6, iNOS, COX-2, and TNF-α (C) were assessed in the skin using qRT-PCR. Cox-2 immunoexpression (D,E) in the skin was assessed immunohistochemically. CD: contact dermatitis, BETA: Betaderm, and PE: pumpkin extract. Data are presented as the mean ± SD, n = 10. Comparison between groups was done using the one-way ANOVA test followed by the Bonferroni post hoc test.
Levels of IL-6, iNOS, COX-2, and TNF-α showed a significant increase (p < 0.001) in the skin of the untreated CD group compared to the control, while they showed a significant reduction in the BETA-treated group (p < 0.001, p = 0.02, p = 0.03, p = 0.03), PE-treated group (p < 0.001, p = 0.03, p = 0.02, p < 0.001), and group treated with topical and oral PE (p < 0.001), respectively, compared to the untreated CD group (Figure 2B).
The mean expression of mRNA of IL-6, iNOS, COX-2, and TNF-α in the skin, assessed using qRT-PCR, was significantly upregulated (p < 0.001) in the untreated CD group, while it was downregulated in the BETA-treated group (p < 0.001), PE-treated group (p < 0.001), and group treated with topical and oral PE (p < 0.001) compared to the untreated CD group, respectively (Figure 2C).
Immunoexpression of COX-2 in the skin showed a significant upregulation (p < 0.001) in the untreated CD group, while it showed a significant downregulation (p < 0.001) in all treated groups compared to the untreated CD group. In addition, COX-2 immunoexpression was significantly downregulated (p = 0.001) in PE- and topical and oral PE-treated groups compared to the groups treated with PE cream only Figures 2D,E.
Antioxidant Effect of PE
Contact dermatitis was associated with a significant increase (p < 0.001) in MDA in the skin as well as an insignificant (p = 0.06) increase in its level in the serum. Although topical treatment with DETA did not significantly reduce the MDA level in the skin, PE applied either topically (p = 0.01) or combined with oral PE (p < 0.001) could significantly reduce it compared to the untreated CD group. Regarding the MDA level in the serum, it was significantly reduced (p = 0.03) only in the topical and oral PE-treated group (Table 2).
TABLE 2 | Effect of Cucurbita pepo L. on the oxidant/antioxidant profile in the serum and skin.
[image: Table 2]Contact dermatitis was found to be accompanied with a significant reduction in SOD (p < 0.001), GPX (p < 0.001), and CAT (p < 0.001, p = 0.002) in the skin and serum, respectively, compared to the control. Although the DETA-treated group did not show a significant change in SOD, GPX, and CAT levels in either the skin or serum, the PE-treated group showed a significant increase (p = 0.04, p = 0.01, p = 0.02) in the skin but not in the serum. The group treated with topical and oral PE showed a significant increase in SOD (p < 0.001, p = 0.004), GPX (p < 0.001, p = 0.003), and CAT (p = 0.001, p = 0.02) levels in both the skin and serum, respectively (Table 2).
Histopathological Alternations Associated With CD
Histopathological assessment revealed an intact skin structure of the control group, while the CD group showed epidermal hyperplasia, vacuolation of keratinocytes, edema in the superficial dermis, inflammatory cell infiltrate, increased capillaries, and hemorrhages in some areas. A significant increase (p < 0.001) in the epidermal thickness, histopathological score of CD, and the area percent of Masson’s trichrome–stained dense collagen fibers was recorded in the CD group compared to the control (Figure 3).
[image: Figure 3]FIGURE 3 | Pumpkin extract affects the DNFB-induced dermatitis in rats histologically. The histological changes in contact dermatitis (CD) group includes epidermal hyperplasia (EH), edema in superficial dermis (star), vacuolation of keratinocytes (arrow), inflammatory cell infiltrate (arrow head) and increased capillaries and hemorrhages (bifid arrow) as well as increased dense collagen fibers (C) in the dermis. The histological changes are improved in the treated groups (H&E and Masson stain). Data are presented as the mean ±SD, n= 10. Comparison between groups was done using One way ANOVA test followed by Bonferroni post hoc test
Pumpkin extract administered as a topical cream alone or combined with oral PE markedly improved CD-associated histopathological changes. BETA-treated (p < 0.001), PE cream–treated (p < 0.001), and topical and oral PE-treated (p < 0.001) groups showed a significant decrease in epidermal thickness and the histopathological score of CD compared to the untreated CD group. A significant decrease in the area percent of Masson-stained dense collagen fibers was recorded in BETA-treated (p = 0.01), PE-treated (p < 0.001), and topical and oral PE-treated (p = 0.01) groups (Figure 3).
Inflammatory cell infiltrate observed in the superficial dermis was specified and quantified immunohistochemically and found to include mainly CD68-positive macrophages and CD4-positive T lymphocytes. It was noticed that DNFB-induced CD associated with upregulation of CD68 and CD4 immunoexpression compared to the control. On the other hand, CD68 and CD4 immunoexpression was significantly downregulated in BETA-treated (p = 0.002, p < 0.001), PE-treated (p < 0.001), and topical and oral PE-treated groups, compared to the untreated CD group, respectively (Figure 4).
[image: Figure 4]FIGURE 4 | Pumpkin extract attenuates the inflammatory infiltrate in DNFB-induced contact dermatitis. CD68 and CD4 immunoexpression is downregulated as shown by immunohistochemistry. CD: contact dermatitis, BETA: Betaderm, and PE: pumpkin extract. Data are presented as the mean ± SD, n = 10. Comparison between groups was done using the one-way ANOVA test followed by the Bonferroni post hoc test.
DISCUSSION
Stress influences the nature of some skin inflammatory diseases, such as psoriasis and allergic contact dermatitis (Buske-Kirschbaum et al., 2006). Stressful life situations were found to be related to the onset of symptoms in 16% of chronic urticaria cases (Malhotra and Mehta, 2008). This study was conducted to investigate the ability of combined topical and oral application of pumpkin fruit extract to biochemically and histopathologically improve CD in depressed rats.
The effect of chronic stress with the subsequent depression-like behavior on CD was not previously addressed in the experimental models. Among the well-established experimental models of human CD is DNFB-induced contact hypersensitivity in mice (Thomas et al., 1999). Chronic unpredictable mild stress (CUMS) procedure is considered a robust animal model for depression, which expressively contribute to the understanding of the mechanisms implicated in depression and the development of novel antidepressant drugs (Antoniuk et al., 2019). Therefore, these two models of depression and CD were adopted in this study. In the current study, exposure to CUMS successfully induced depression-like behavior as evidenced by the significant increase in the serum corticosterone level and prolongation in immobility time during the FST, and was confirmed by the EPM test. The latter was described as an important tool in the study of neurobiological signaling pathways involved in depression (Nestler et al., 2002). It is sensitive to all available antidepressant drugs commonly used to test the antidepressant effect of new drugs (Jeong et al., 2015).
iNOS, COX-2, and TNF-α are inflammatory mediators involved in the regulation of inflammatory reactions, including those of the skin, such as CD (Laouini et al., 2005; Orita et al., 2011; Danso et al., 2014). Both TNF-α and IL-6 were reported to be involved in the pathogenesis of depression (Taraz et al., 2015; Pedraz-Petrozzi et al., 2020). Hence, these cytokines were assessed, in this study, in order to investigate the anti-inflammatory effect of PE.
DNFB-induced CD was associated, in this study, with increased inflammatory cytokines TNF-α and IL-6 in the serum as well as IL-6, iNOS, COX-2, and TNF-α, at protein and mRNS levels, in the skin. These findings were in accordance with those reported by Kaur et al. (2014) in patients with acute and subacute allergic dermatitis as well as those reported by Qu et al. (2019) in rat model of contact dermatitis. Increased level of TNF- originated from the activated macrophages, T cells, and keratinocytes, and their release into the circulation in cutaneous inflammatory conditions was previously reported (Kerstan et al., 2011). In accordance with that, the number of macrophages, T cells, and keratinocytes was found to be increased in the dermis and epidermis of rats with CD, in this study. Although the inflammatory response plays a chief role in the protection of the host as well as in tissue repair, it can also damage the normal skin tissue (Cha et al., 2016). Based on that, inhibition of pro-inflammatory cytokine expression was described to improve dermatitis as it protects from extended adaptive immunity (Chang et al., 2018). Another reason for increased TNF-α and IL-6 in the serum in this study was the occurrence of CUMS-induced depression as they have been reported to be elevated in patients with depression and mice showing behavioral despair (Numakawa et al., 2014; Taraz et al., 2015).
In this study, topical application of PE extract to the areas affected with CD resulted in marked improvement of hardness, dryness, and scaling in a comparable degree to those animals treated with Betaderm cream, the standard treatment of CD. This morphological improvement was associated with a significant reduction in the inflammatory cytokines such as TNF-α and IL-6 in the serum as well as IL-6, iNOS, COX-2, and TNF-α in the skin. These findings were in agreement with those of Kim et al. (2016), who reported that SSP significantly reduced the protein levels of TNF-α and IL-6 in the serum of depressed animals. Regarding the effect on the skin, Bora et al. (2019) reported an enhancement in anti-inflammatory effects following the administration of PSO and melatonin formulation to UV radiation–induced sunburn evident by reduced inflammatory cytokines. Analysis of the PE compounds, conducted in this study, revealed the presence of many compounds with anti-inflammatory effect, for example, oleic acid, palmitic acid, and linolenic acid as well as some compounds with antihistaminic and anti-eczemic effects, for example linolenic acid and linoleic acid, besides those with antioxidant effect like palmitic acid. These compounds were behind the improving effect induced by PE in depressed rats with CD.
Disturbed oxidant/antioxidant profile manifested by increased MDA and decreased SOD, GPX, and CAT in the skin and serum was observed in DNFB-induced CD in this study. Similar findings were reported by Kaur et al. (2014) in patients with restricted allergic contact dermatitis. Disturbance in oxidant/antioxidant profile in CD was attributed to the consumption of radical-scavenging antioxidants as a result of increased free radical amounts (Serefhanoglu et al., 2009). The PE cream–treated group showed a significant improvement in antioxidant status in the skin, while the BETA-treated group did not show any improvement in this parameter. In addition, the group treated with topical and oral PE showed a significant improvement in the antioxidant profile in the skin and serum as well, and this might explain the marked improvement observed morphologically and histologically in this group.
The antioxidant properties of pumpkin fruit extract and seed oil were previously reported (Xia et al., 2003; Azizah et al., 2009; Bahramsoltani et al., 2017). It was said that natural products with antioxidant, anti-fatigue, and anti-inflammatory effects also exert an antidepressant-like effect (Jeong et al., 2015). All these previous activities were proved in pumpkin. Not only that, the antidepressant-like effect of pumpkin was previously reported by Kim et al. (2016), who found that oral SSP significantly reduced the immobility time in FST, increased the levels of brain-derived neurotropic factor (BDNF), and decreased the levels of IL-6 and TNF-α. Therefore, pumpkin was chosen, in this study, to relieve the combined manifestation of contact dermatitis with depression.
The morphological and histopathological alternations observed in CD in this study were in accordance with those observed by Zhou et al. (2016) in dinitrochlorobenzene-induced allergic CD in BALB/c mice (Alshathly and Alqahtani, 2017) in benzene-induced skin irritation in rats and (Qu et al., 2019) in oxazolone-induced CD in mice. Significant upregulation of Cox-2 immunoexpression in CD was among the findings recorded in this study and previous studies (Chang et al., 2018).
It was previously documented that T lymphocytes and macrophages have crucial roles in skin inflammatory diseases such as contact dermatitis and psoriasis (Qu et al., 2019); therefore, they were investigated in this study. Skin keratinocytes act as a potent source of pro-inflammatory cytokines and chemokines. Therefore, a particular dialog between keratinocytes and activated immune cells initiates and maintains the T cell–mediated immune responses in inflammatory lesions (Pivarcsi et al., 2005). T cells in the skin tissue were reported to sensitize and elicit a hypersensitive inflammation reaction (Pasparakis et al., 2014). These cellular events explained what was observed in the CD group in this study, which included keratinocyte hyperplasia, the overexpression of pro-inflammatory cytokines, the upregulated immunoexpression of CD4-positive T lymphocytes, and CD68-positive macrophages.
Pumpkin extract administered both topically and orally, in this study, markedly improved CD-associated histological changes in a comparable degree to that of BETA cream. CD68 and CD4 immunoexpression was significantly downregulated in BETA- and PE-treated groups, which implied reduced hypersensitivity reaction (Luo et al., 2014). No previous studies were found to describe the effect of pumpkin extract on CD associated with depression or chronic stress. The effect of caffeic acid (3,4-dihydroxycinnamic acid, CA), one of the six phenolic acids detected in pumpkin (Cucurbita maxima), on 12-O-tetradecanoyl-phorbol-13-acetate CD was previously studied (Zhang et al., 2014). They found that CA has anti-inflammatory activities in both acute and chronic contact dermatitis models through blocking of mRNA and protein synthesis of the cytokines, such as TNF-α, IL-6, and IL-1β, and neutrophil-mediated myeloperoxidase activity (Zhang et al., 2014).
Oleic and palmitic acids represent the main constituents of pumpkin fruit extract, utilized in this study. These findings are in partial agreement with those of Kim et al. (2012), Bardaa et al. (2016), and Bora et al. (2019). Both oleic and palmitic acids were reported to possess antioxidant, antidiabetic, and antiatherogenic effects (Cho et al., 2010). The link between depression and oleic acid was previously reported in the literature. Oleic, palmitic, and linoleic acids were described to be downregulated in depression (Conklin et al., 2010; Martín et al., 2010). Oleic acid in specific was reported to inhibit the production of Aβ peptide and amyloid plaque Alzheimer disease-type neuropathology both in vitro and vivo (Amtul et al., 2011). More recently, oleic acid–mediated neuroprotection might be attributable to its anti-inflammatory actions through peroxisome proliferator–activated receptor gamma (PPAR-γ) activation (Song et al., 2019). Regarding hexadecanoic acid (palmitic acid), it was described as an inhibitor of phospholipase A (2), and therefore considered as an anti-inflammatory compound (Aparna et al., 2012).
The improvement in CD as well as CUMS-induced depression, observed in the PE-treated group morphologically and behaviorally and were evident biochemically and histopathologically, is attributed mainly to the anti-inflammatory and antioxidant effects of pumpkin compounds that were detected in this study. Getie et al. (2002) reported that the antioxidant effect of any drug prevents cell damage, promotes DNA synthesis, increases vascularity, increases the strength of collagen fibers, and improves the viability of collagen fibrils.
In conclusion, topical application of pumpkin extract when combined with the oral administration was superior to the topical application alone in attenuating inflammation and oxidative changes induced by contact dermatitis associated with chronic stress–induced depression. These results imply that pumpkin can alleviate symptoms of contact dermatitis and depression through the downregulation of pro-inflammatory cytokines and enhancing the antioxidant status. Therefore, pumpkin extract, applied topically and orally, could be an alternative and/or complementary approach in contact dermatitis associated with depression-like behavior. Further studies to test this effect on volunteer patients of contact dermatitis are recommended.
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Two new polyketide compounds, asperulosins A and B (1–2), and one new prenylated small molecule, asperulosin C (3), along with nine known compounds (4–12), were isolated and identified from a fungus Aspergillus rugulosa. Their structures were extensively elucidated via HRESIMS, 1D, and 2D NMR analysis. The absolute configurations of the new compounds were determined by the comparison of their electronic circular dichroism (ECD), calculated ECD spectra, and the detailed discussion with those in previous reports. Structurally, compounds 1 and 2 belonged to the polyketide family and were from different origins. Compound 2 was constructed by five continuous quaternary carbon atoms, which occur rarely in natural products. All of the isolates were evaluated for anti-inflammatory activity against the production of nitric oxide (NO) in lipopolysaccharide (LPS)-induced RAW264.7 cells. Among those, compounds 1 and 5 showed a significant inhibitory effect on NO production with IC50 values of 1.49 ± 0.31 and 3.41 ± 0.85 μM, respectively. Additionally, compounds 1 and 5 markedly increased the secretion of anti-inflammatory cytokine IL10 while suppressing the secretion of pro-inflammatory cytokines IL6, TNF-α, IFN-γ, MCP-1, and IL12. Besides, 1 and 5 inhibited the transcription level of pro-inflammatory macrophage markers IL6, IL1β, and TNF-α while remarkably elevating the anti-inflammatory factor IL10 and M2 macrophage markers ARG1 and CD206. Moreover, 1 and 5 restrained the expression and nuclear translocation of NF-κB, as well as its downstream signaling proteins COX-2 and iNOS. All these results suggest that 1 and 5 have potential as anti-inflammatory agents, with better or comparable activities than those of the positive control, dexamethasone.
Keywords: Aspergillus rugulosa, polyketides, anti-inflammatory, molecular docking, immunofluorescence
INTRODUCTION
Small molecular polyketide compounds have been considered commercially valuable for their wide range of functions, structural diversity, and outstanding pharmaceutical activities (González-Medina et al., 2017; Newman and Cragg, 2020). For instance, lovastatin, daunomycin, and tetracycline are all small molecular polyketides (Herkommer et al., 2014; Van Wagoner et al., 2014). Natural polyketides are biosynthesized by consecutive decarboxylative condensations of short-chain acyl-CoAs by fungi, bacteria, and plants (Hertweck, 2009). Consequently, bioactive polyketides have roused extensive scientific interest in the fields of chemistry and pharmacology in recent years (Lacoske and Theodorakis, 2015).
Inflammation is a defensive response to fight infections such as microbial infection, chemical stimuli, and toxins (Medzhitov, 2010). However, recent studies have shown that uncontrolled chronic inflammation is associated with multiple diseases, including rheumatoid arthritis, metabolic syndrome, diabetes, and cancer (Okamoto et al., 2007). Overproduction of pro-inflammatory factors including nitric oxide (NO) and cyclooxygenase-2 (COX-2) and cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) impulses the inflammatory response (Lee et al., 2016). Furthermore, the activation of the transcription factor nuclear factor-kappa B (NF-κB) accelerates the immune response via the transcriptional activation of the pro-inflammatory factors and cytokines mentioned above (Alvarez-Suarez et al., 2017).
Our group focuses on the discovery and development of novel bioactive secondary metabolites from the Aspergillus species in recent years. Representative research studies include asperflavipine A (Zhu et al., 2017), epicochalasines A and B (Zhu et al., 2016), asperterpenes A and B (Qi et al., 2016), asperpyridone A (Qiao et al., 2019), and terreuspyridine (Li et al., 2020). Moreover, we recently found that large-scale culture can approach many more natural products with novel skeletons (Hu et al., 2021). As part of the program mentioned above, we performed a chemical investigation on a polyketide-producing fungus, Aspergillus rugulosa (Ballantine et al., 1969; Cacho et al., 2012). As a result, we isolated and identified two new polyketides, asperulosins A and B (1–2), and one new prenylated small molecule, asperulosin C (3), along with nine known compounds (4–12). These compounds were determined as (–)-gregatin B (4) (Burghart-Stoll and Brückner, 2012), aspertetronin A (5) (Burghart-Stoll and Brückner et al., 2012), angelicoin B (6) (Elsebai et al., 2018), (R)-6-hydroxymellein (7) (Islam et al., 2007), dimethoxymellein (8) (Choudhary et al., 2004), 4-hydroxy-3-(3-methylbut-2-enyl) benzaldehyde (9) (Vu et al., 2016), diisobutyl phthalate (10) (Zhang et al., 2003), 3-(2-hydroxypropyl)-4-(hexa-2E,4E-dien-6-yl) furan-2(5H)-one (11) (Almassi et al., 1991), and trans-2-decenedioic acid (12) (Kwok et al., 1992) by detailed comparison of their NMR data and specific rotations with those of previous literatures. Herein, the details of the isolation, structural elucidation, and biological evaluations of the isolates (Figure 1) are described.
[image: Figure 1]FIGURE 1 | Structures of compounds 1–12.
MATERIALS AND METHODS
General
Optical rotation, UV, and IR data were recorded on a PerkinElmer 341 instrument, a Varian Cary 50 instrument, and a Bruker Vertex 70 instrument with KBr pellets, respectively. ECD data were measured using a JASCO-810 CD spectrometer. The high-resolution electrospray ionization mass spectra (HRESIMS) were recorded by using the positive ion mode on a Thermo Fisher LC-LTQ-Orbitrap XL instrument. One- and two-dimensional NMR data were recorded on a Bruker AM-400 instrument, with the reference of 1H and 13C NMR chemical shifts of the solvent peaks for methanol-d4 (δH 3.31 and δC 49.0) and CHCl3-d (δH 7.26 and δC 77.0). Semi-preparative HPLC was conducted on a Dionex HPLC system equipped with an Ultimate 3,000 pump (Thermo Fisher Scientific, Germany), an Ultimate 3,000 autosampler injector, and an Ultimate 3,000 diode array detector (DAD) controlled by Chromeleon software (version 6.80), using a reverse-phased C18 column (5 μm, 10 × 250 mm, Welch Ultimate XB-C18). Column chromatography (CC) was carried out by using silica gel (80–120, 100–200, 200–300 mesh, Qingdao Marine Chemical, Inc., Qingdao, People’s Republic of China), Lichroprep RP-C18 gel (40–63 μm, Merck, Darmstadt, Germany), and Sephadex LH-20 (GE Healthcare Bio-Sciences AB, Sweden). Silica gel 60 F254 was used for the TLC (thin-layer chromatography) detection, and spots were visualized by spraying heated silica gel plates with 5% H2SO4 in EtOH.
Fungal Material
The fungus Aspergillus rugulosa was purchased from the China General Microbiological Culture Collection Center (CGMCC, no. 3.6395). The fungal sample was deposited in the culture collection of Tongji Medical College, Huazhong University of Science and Technology.
Fermentation, Extraction, and Purification
The experimental stain was incubated in potato dextrose agar (PDA) medium at 28 °C for 4 days to prepare the seed cultures, which was then transferred into 500-ml Erlenmeyer flasks, each containing 200 g rice (total 20 kg). After being cultivated for 21 days, the medium was extracted with 95% aqueous EtOH five times at room temperature. Afterward, the solvent was removed under reduced pressure to yield a total residue, which was then suspended in water and partitioned repeatedly with EtOAc. The EtOAc extract (130.4 g) was chromatographed by silica gel CC (80–120 mesh), using an increasing gradient of petroleum ether–ethyl acetate (100:0–0:100) to afford six fractions (A–F).
Fraction C (16.5 g) was fractioned by silica gel CC (200–300 mesh), using an increasing gradient of petroleum ether–ethyl acetate (20:1–10:1) to afford ten subfractions (C1–C10). Subfraction C4 (375 mg) was chromatographed on Sephadex LH-20 eluted with CH2Cl2–MeOH (1:1, v/v) to yield three fractions (C4.1–C4.3). Fraction C4.2 was purified by using semi-preparative HPLC eluted with MeCN–H2O (82:18, v/v, 2.0 ml/min) to afford compound 1 (tR 15.2 min, 4.6 mg). Fraction C4.3 was purified by using semi-preparative HPLC (MeCN–H2O, 77:23, v/v, 2.0 ml/min) to yield compound 5 (tR 15.8 min, 5.4 mg). Compound 9 (tR 17.1 min, 3.0 mg) was purified by semi-preparative HPLC (MeCN–H2O, 52:48, v/v, 2.0 ml/min) from fraction C4.1. Subfraction C5 was chromatographed on Sephadex LH-20 eluted with CH2Cl2–MeOH (1:1, v/v) to yield five fractions (C5.1–C5.5). Fraction C5.2 was purified by using semi-preparative HPLC (MeOH–H2O, 80:20, v/v, 2.0 ml/min) to yield compound 10 (tR 31.3 min, 18.2 mg). Fraction C5.3 was chromatographed using the RP-C18 column with MeOH–H2O (from 35:65 to 100:0, v/v) to afford ten subfractions (C5.3.1–C5.3.10). Compound 3 (tR 25.1 min, 5.0 mg) was purified by semi-preparative HPLC (MeCN–H2O, 58:42, v/v, 2.0 ml/min) from fraction C5.3.2. Compound 2 (tR 9.3 min, 4.9 mg) was purified by semi-preparative HPLC (MeCN–H2O, 30:70, v/v, 2.0 ml/min) from fraction C5.3.4. Compound 11 (tR 41.3 min, 66.0 mg) was purified by semi-preparative HPLC (MeOH–H2O, 55:45, v/v, 2.0 ml/min) from fraction C5.3.5. Compound 4 (tR 14.0 min, 55.6 mg) was purified by semi-preparative HPLC (MeOH–H2O, 79:21, v/v, 2.0 ml/min) from C5.3.6. Compound 12 (tR 31.3 min, 3.5 mg) was purified by semi-preparative HPLC (MeOH–H2O, 75:45, v/v, 2.0 ml/min) from fraction C5.3.8.
Fraction E (1.4 g) was fractioned by silica gel CC (200–300 mesh), using an increasing gradient of petroleum ether–ethyl acetate (10:1–1:1) to afford five subfractions (E1–E5). Subfraction E4 (417 mg) was chromatographed using the RP-C18 column with MeOH–H2O (from 30:70 to 90:10, v/v) to afford eight subfractions (E4.1–E4.8). Compound 6 (tR 19.2 min, 9.1 mg) was purified by semi-preparative HPLC (MeCN–H2O, 33:67, v/v, 2.0 ml/min) from fraction E4.3. Fraction E4.2 was purified by using semi-preparative HPLC (MeCN–H2O, 28:72, v/v, 2.0 ml/min) to afford compound 7 (tR 16.3 min, 3.4 mg). Compound 8 (tR 15.5 min, 16.4 mg) was purified by semi-preparative HPLC (MeCN–H2O, 47:53, v/v, 2.0 ml/min) from fraction E4.6.
Spectroscopic Data
Compound 1: colorless oil; (α)25 D: +2.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε) = 233 (3.34) nm; IR νmax = 2,962, 1,725, 1,384, 1,345, 1,246, 1,028, 1,024, 818 cm−1; ECD (c 0.1, MeOH) Δε202—6.3, Δε236 + 0.20, Δε258—1.15; molecular formula C17H26O2; HRESIMS m/z 285.1837 (M + Na)+ (calcd for C17H26O2Na, 285.1830); for 1H and 13C NMR data, see Table 1.
TABLE 1 | 1H (400 MHz) and 13C NMR (100 MHz) data for compounds 1–3 (δ in ppm, J in Hz).
[image: Table 1]Compound 2: white powders; (α)25 D: 52.2 (c 0.1, MeOH); IR νmax = 3,425, 1,732, 1,649, 1,579, 1,447, 1,205, 1,009 cm−1; ECD (c 0.1, MeOH) Δε214 + 8.37, Δε241 − 2.62, Δε268 + 3.78; HRESIMS m/z 209.0404 (M + Na)+ (calcd for C8H10O5Na, 209.0426); for 1H and 13C NMR data, see Table 1.
Compound 3: white powders; UV (MeOH) λmax (log ε) = 202 (4.16), 279 (4.01) nm; IR νmax = 3,429, 1,720, 1,613, 1,588, 1,438, 1,265, 1,018 cm−1; molecular formula C14H18O3, HRESIMS m/z 257.1155 (M + Na)+ (calcd for C14H18O3Na, 257.1154); for 1H and 13C NMR data, see Table 1.
Compound 4 [(–) gregatin B]: Colorless oil; (α)25 D = −178.0 (MeOH); 1H-NMR (400 MHz, CDCl3) δH: 0.98 (3H, t, J = 7.5 Hz, H3-6′′), 1.52 (3H, s, H3-2), 2.09 (2H, q, J = 7.5 Hz, H2-5′′), 2.64 (3H, s, H3-6), 3.82 (3H, s, OCH3-1′), 5.53 (1H, d, J = 15.5 Hz, H-1′′), 5.81 (1H, dt, J = 15.5, 6.5 Hz, H-4′′), 5.96 (1H, m, H-3′′), and 6.27 (1H, dd, J = 15.5, 10.3 Hz, H-2′′).
Compound 5 (aspertetronin A): Colorless oil; 1H-NMR (400 MHz, CDCl3) δH: 0.98 (3H, t, J = 7.5 Hz, H3-6′), 1.54 (3H, s, H3-7′), 2.07 (2H, m, H2-5′), 3.83 (3H, s, OCH3-1‴), 5.56 (1H, d, J = 15.5 Hz, H-1′), 5.80 (1H, dt, J = 15.5, 6.5 Hz, H-4′), 5.96 (1H, m, H-3′), 6.26 (1H, dd, J = 15.5, 10.3 Hz, H-2′), 7.21 (1H, m, H-2′′), and 7.33 (1H, m, H-1′′). 13C-NMR (100 MHz, CDCl3) δC: 13.3 (C-6′), 19.4 (C-3′′), 22.5 (C-7′), 26.7 (C-5′), 51.6 (OCH3-1‴), 90.4 (C-5), 103.7 (C-3), 120.8 (C-1′′), 126.1 (C-1′), 127.7 (C-3′), 131.5 (C-2′), 139.3 (C-4′), 144.8 (C-2′′), 163.9 (C-1‴), 185.2 (C-2), and 197.0 (C-4).
Compound 6 (angelicoin B): White amorphous powder; 1H-NMR (400 MHz, CDCl3) δH: 1.47 (3H, d, J = 6.3 Hz, CH3-3), 2.82 (2H, br d, J = 7.3 Hz, H2-4), 3.78 (3H, s, OMe-6), 3.90 (3H, s, OMe-7), 4.63 (1H, m, H-3), 6.21 (1H, d, J = 2.2 Hz, H-5), 6.31 (1H, d, J = 2.3 Hz, H-7), and 11.2 (1H, s, OH-8). 13C-NMR (100 MHz, CDCl3) δC: 20.6 (C-9), 34.7 (C-4), 55.4 (OMe-6), 75.4 (C-3), 99.3 (C-7), 101.4 (C-8a), 106.0 (C-5), 140.9 (C-4a), 164.3 (C-8), 165.6 (C-6), and 169.8 (C-1).
Compound 7 [(R)-6-hydroxymellein]: White amorphous powder; 1H-NMR (400 MHz, MeOH-d4) δH: 1.46 (3H, d, J = 6.3 Hz, CH3-3), 2.82 (1H, dd, J = 16.4, 11.0 Hz, H-4a), 2.91 (1H, dd, J = 16.4, 3.7 Hz, H-4b), 4.66 (1H, m, H-3), 6.19 (1H, d, J = 2.3 Hz, H-5), and 6.21 (1H, d, J = 2.3 Hz, H-7). 13C-NMR (100 MHz, MeOH-d4) δC: 20.9 (C-9), 35.5 (C-4), 71.2 (C-3), 101.3 (C-7), 102.2 (C-8a), 107.9 (C-5), 143.5 (C-4a), 165.7 (C-8), 166.5 (C-6), and 171.7 (C-1).
Compound 8 [(–)-(3R)-6,7-Dimethoxymellein]: Colorless crystalline solid; 1H-NMR (400 MHz, CDCl3) δH: 1.51 (3H, d, J = 6.3 Hz, H3-9), 2.86 (2H, m, H2-4), 3.87 (3H, s, OMe-6), 3.90 (3H, s, OMe-7), 4.66 (1H, m, H-3), 6.28 (1H, s, H-5), and 11.1 (1H, s, OH-8). 13C-NMR (100 MHz, CDCl3) δC: 20.6 (C-9), 34.6 (C-4), 56.1 (OMe-6), 60.7 (OMe-7), 75.8 (C-3), 102.0 (C-5), 102.8 (C-8a), 135.4 (C-7), 156.1 (C-8), 158.4 (C-6), and 169.8 (C-1).
Compound 9 [4-hydroxy-3-(3-methylbut-2-enyl) benzaldehyde]: Colorless oil; 1H-NMR (400 MHz, MeOH-d4) δH: 1.72 (3H, s, H3-4′), 1.76 (3H, s, H3-5′), 3.33 (2H, overlap, H2-1′), 5.34 (1H, ddq, J = 8.9, 5.9, 1.5 Hz, H-2′), 6.89 (1H, d, J = 8.2 Hz, H-5), 7.60 (1H, dd, J = 8.2, 2.3 Hz, H-6), 7.62 (1H, d, J = 2.3 Hz, H-2), and 9.72 (1H, s, CHO). 13C-NMR (100 MHz, MeOH-d4) δC: 17.8 (C-4′), 25.9 (C-5′), 28.9 (C-1′), 116.0 (C-2, C-5), 122.9 (C-2′), 130.2 (C-3), 130.4 (C-1), 131.4 (C-5), 132.3 (C-6), 134.1 (C-3′), 163.0 (C-4), and 193.2 (C-7).
Compound 10 (diisobutyl phthalate): Colorless viscous liquid; 1H-NMR (400 MHz, MeOH-d4) δH: 0.99 (12H, d, J = 6.7 Hz, 4 × CH3), 2.03 (2H, dp, J = 13.4, 6.7 Hz), 4.07 (4H, d, J = 6.5 Hz), 7.62 (2H, dd, J = 5.7, 3.3 Hz), and 7.73 (2H, dd, J = 5.7, 3.3 Hz). 13C-NMR (100 MHz, MeOH-d4) δC: 19.5, 29.0, 72.9, 129.9, 132.3, 133.6, and 169.2.
Compound 11 [3-(2-hydroxypropyl)-4-(hexa-2E,4E-dien-6-yl) furan-2(5H)-one]: Colorless oil; 1H-NMR (400 MHz, MeOH-d4) δH: 1.18 (3H, d, J = 6.2 Hz, H3-3′′), 1.73 (3H, br d, J = 6.8 Hz, H3-1′), 2.40 (2H, m, H2-1′′), 3.28 (2H, d, J = 7.1 Hz, H2-6′), 3.96 (1H, m, H-2′′), 4.75 (2H, s, H2-5), 5.55 (1H, dt, J = 14.0, 7.1 Hz, H-5′), 5.68 (1H, dq, J = 13.7, 6.8 Hz, H-2′), 6.05 (1H, m, H-3′), and 6.15 (1H, m, H-4′). 13C-NMR (100 MHz, MeOH-d4) δC: 18.1 (C-1′), 23.3 (C-3′′), 31.2 (C-6′), 34.1 (C-1′′), 67.0 (C-2′′), 73.2 (C-5), 124.8 (C-5′), 125.6 (C-4), 130.1 (C-2′), 132.1 (C-3′), 135.1 (C-4′), 164.3 (C-3), and 177.7 (C-2).
Compound 12 (trans-2-decenedioic acid): Colorless oil; 1H-NMR (400 MHz, MeOH-d4) δH: 1.36 (2H, m, H2-5), 1.36 (2H, m, H2-6), 1.48 (2H, m, H2-7), 1.60 (2H, m, H2-8), 2.22 (2H, m, H2-4), 2.28 (2H, m, H2-9), 5.80 (1H, d, J = 15.6 Hz, H-2), and 6.94 (1H, dt, J = 15.5, 7.0 Hz, H-3). 13C-NMR (100 MHz, MeOH-d4) δC: 26.0 (C-8′), 29.1 (C-7), 29.9 (C-5), 30.0 (C-6), 33.0 (C-4), 35.0 (C-9), 122.7 (C-2), 150.9 (C-3), 170.3 (C-1), and 177.7 (C-10).
Cell Culture and Administration
Mouse macrophage-like cell line RAW 264.7 was cultured at 37 °C in a 5% CO2 environment in DMEM (Hyclone, United States) supplemented with 10% fetal calf serum (Gibico, United States), the antibiotics of penicillin/streptomycin (100 units/ml) (Invitrogen, United States), and 1.5% horse serum. LPS (1 μg/ml) was used to activate RAW264.7 cells. Dexamethasone (DEX) was used as the positive control.
Measurement of Nitric Oxide (NO) and Cytotoxic Assay
RAW 264.7 cells (5 × 104 cells/ml) were seeded in 96-well plates in 100 μl culture. After preincubation for 24 h, the seeded cells were treated with tested compounds ranging from 40 to 5 µM for 1 h, followed by stimulation with LPS (1 μg/ml) for another 24 h. The production of NO was determined with Griess reagent. Cell culture supernatants (50 μl) were mixed with 100 μl Griess reagent (1% sulfanilamide/0.1% naphthylethylene diamine dihydrochloride/2% phosphoric acid) in a 96-well plate for 10 min at room temperature. Then, the optical density was measured at 510 nm using a microplate reader (Thermo Fisher Scientific, United States). After 24 h of treatment with tested compounds, 10 μl of CCK-8 solution was added to each well, and the cells were incubated for a further 2 h, followed by the detection of absorbance at 450 nm.
Cytokine Production Bioassay
Cells were treated as described above. After 24 h of treatment, the secretion level of cytokines IL6, IL10, MCP-1, IFN-γ, TNF-α, and IL12 in the culture supernatant was detected using an Ms Inflammation Cytometric Bead Array (CBA) kit (BD Pharmingen, United States) according to the manufacturer’s protocol.
Quantitative Real Time Polymerase Chain Reaction Tests
RNA was isolated from RAW264.7 cells treated with the tested compounds (Invitrogen, Thermo Fisher Scientific, United States) according to the manufacturer’s recommendations. Total RNA was reverse-transcribed into cDNA using a transcription kit (ABP, United States). Quantitative RT-PCR (qRT-PCR) was performed using SYBR Green qPCR Mix (ABP, United States) with 0.2-μM forward and reverse primers in a final volume of 10 μl, and detection was performed using ABI QuantStudio 5 (Thermo Fisher Scientific, United States). The resulting cDNA was amplified by incubating at 95 °C for 5 min, 40 cycles of denaturation at 95 °C for 10 s, annealing at 55–60 °C for 20 s, and extension at 72 °C for 30 s. Values were exhibited relative to β-actin. The corresponding primer sequences are listed in Supplementary Table S1.
Western Blot Analysis
Total proteins from the RAW264.7 cells were lysed in radioimmunoprecipitation assay (RIPA, Beyotime, China) buffer, and 30 μg total proteins were used for each blot. The samples were separated by SDS-PAGE and transferred onto a nitrocellulose filter (NC, Millipore, United States) membrane by electro-blotting. The membranes were blocked for 1 h and then incubated overnight with 1:1,000 dilutions of anti-TLR4, anti-iNOS, anti-COX2, and anti–NF-κB p65 (Cell Signaling Technology, United States). After incubation with the secondary antibody anti-mouse IgG (H + L) (DyLight™ 800, Cell Signaling Technology, United States) at 1:15,000 dilutions, the membranes were imaged using a LiCor Odyssey scanner (LI-COR, United States). Protein expressions were normalized using β-actin as the reference (Cell Signaling Technology, United States) in the same sample.
Immunofluorescence
The cell-seeded glass cover slips were fixed with 4% cold paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for 30 min. Then, the cover slips were blocked with 5% BSA for 1 h and incubated with a primary antibody specific to the NF-κB p65 subunit (Cell Signaling Technology, United States) overnight at 4°C, followed by a secondary antibody labeled with Alexa Fluor-594 (1:5,000) for 1 h at room temperature, protected from light. After being stained with DAPI (5 μg/ml in PBS) for 30 min at 37 °C, the cover slips were washed and sealed. Images were obtained using an OLYMPUS IX73 fluorescence microscope (Olympus, Tokyo, Japan) with excitation/emission wavelengths of 590 nm/617 nm for Alexa Fluor-594 and 360 nm/450 nm for DAPI, respectively.
Molecular Docking
The virtual docking was carried out in the Surflex-Dock module of FlexX/Sybyl software, which belongs to a fast docking method that allows sufficient flexibility of ligands and keeps the target protein rigid. Molecules were built using Chemdraw software and further optimized at the molecular, mechanical, and semiempirical level using Open Babel GUI. The crystallographic ligands were extracted from the active site, and the designed ligands were modeled. All the hydrogen atoms were added to define the correct ionization and tautomeric states, and the carboxylate, phosphonate, and sulfonate groups were considered in their charged form. In the docking calculation, the default FlexX scoring function was applied for exhaustive searching, solid body optimizing, and interaction scoring. Finally, the ligands with the lowest energy and the most optimum orientation were chosen.
Statistical Analysis
All experiments were conducted in biological triplicate. All data are displayed as the mean ± standard error of the mean (SEM). Differences were evaluated by the Student’s t-test using GraphPad Prism software (GraphPad Prism version 5.01 for Windows, San Diego, CA). Differences with *p and #p < 0.05 were considered statistically significant.
RESULTS
Structure Elucidation
Compound 1 was isolated as colorless oil. The molecular formula C17H26O2 was deduced from the HRESIMS data (Supplementary Figure S7) at m/z 285.1837 (M + Na)+ (calcd for C17H26O2Na, 285.1830), referring to five degrees of unsaturation. The 13C NMR and DEPT spectroscopic data (Table 1; Supplementary Figure S2) of 1 revealed 17 carbon resonances that were attributed to four methyls at δC 11.3 (C-14), 12.5 (C-15), 21.4 (C-16), and 19.1 (C-17), three sp3 methylenes at δC 30.1 (C-4), 44.7 (C-11), and 30.0 (C-13), five olefinic methines at δC 121.6 (C-2), 144.7 (C-3), 122.2 (C-6), 138.7 (C-7), and 142.4 (C-9), three sp3 methines at δC 78.6 (C-5), 30.3 (C-10), and 32.2 (C-12), one olefinic quaternary carbon at δC 130.7 (C-8), and one ester carbonyl at δC 164.1 (C-1). The 1H NMR spectrum (Table 1; Supplementary Figure S1) of 1 showed diagnostic signals for four methyls, three sp3 methylenes, five olefinic methines, and three sp3 methines, which were attributed to the corresponding carbon atoms with the help of the HSQC spectrum. One carbonyl group and six olefinic carbon atoms, accounting for 4 out of 5 degrees of unsaturation, indicated that 1 possessed a monocyclic ring system. The key 1H–1H COSY spin–spin coupling system (Figure 2; Supplementary Figure S5) of H-9/H-10/H2-11/H-12/H2-13/H3-14, H3-16/H-10, and H3-17/H-12 in 1 indicated the direct carbon–carbon connectivity of C-9/C-10/C-11/C-12/C-13/C-14, C-16/C-10, and C-17/C-12. Subunit 1 was deduced and confirmed by the key HMBC correlations (Figure 2; Supplementary Figure S4) from H3-16 to C-9 and C-11, from H3-17 to C-11 and C-13, from H3-14 to C-12, and from H-12 to C-14. In the same manner, the direct carbon–carbon connectivity of C-2/C-3/C-4/C-5/C-6/C-7 was elucidated. The obvious HMBC correlations from H-2 (δH 6.06 dt J = 9.8, 1.8 Hz), H-3 (δH 6.89 dt J = 9.8, 4.3 Hz), and H-5 (4.97 ddd J = 15.0, 7.4, 0.8 Hz) to C-1 (δC 164.1) and from H-3 and H2-4 (δH 2.47 m) to C-5 (δC 78.6) showed the presence of lactone groups in subunit 2. The construction of subunits 1 and 2 was connected by an olefinic quaternary carbon atom (δC 130.7, C-8), which was deduced from the key HMBC cross peaks (Figure 2) of H-6/C-8, H-10/C-8, H3-15/C-8, and H3-15/C-7. Thus, the planar structure of 1 was determined (Figure 2).
[image: Figure 2]FIGURE 2 | Selected 1H–1H COSY and HMBC correlations of 1–3.
Due to the presence of side chains in 1, its relative configuration was determined with difficulty. In order to search for evidence for the configurational elucidation, we disassembled the structure of 1 into parts A and B (Figure 3). The configurations of 1A (5S) and 1B (5R) were calculated via the time-dependent density functional theory (TDDFT) method at the B3LYP/6-311++G** level with PCM in MeOH (Qiao et al., 2016; Qiao et al., 2019). In this case, the experimental curve displayed a good accordance behavior with the calculated ECD of 1A and showed an absolutely reverse curve to that of enantiomer 1B (Figure 4). Thus, the absolute configuration of part A was elucidated as 5S. Raffaele Riccio and co-workers (Bifulco et al., 2007) reported a useful method for the determination of relative configuration in organic compounds. In the rule, 16β is determined as the chemical shift of C-15 at less or more than 12.0 ppm (Table 2). Accordingly, the 16β of 1 was established because of the chemical shift of C-15 at δC 12.5 ppm. Moreover, the chemical shifts of C-13 (δC 30.0), C-16 (δC 21.4), and C-17 (δC 19.1), located in the intervals of 30.0–30.5, 21.0–21.6, and 18.9–19.2 ppm, respectively, showed the agreement with the configurations of 16β and 17β (Table 2). The discussions mentioned above enable us to elucidate the absolute configuration of 1 as 5S, 16S, and 17S. Using the search network SciFinder (https://scifinder.cas.org), compound 1 was determined as a unique linear chain compound with an α, β-unsaturated monocyclic lactone structure originating from the polyketide family.
[image: Figure 3]FIGURE 3 | Key NOESY correlations and relative configurations of compound 1.
[image: Figure 4]FIGURE 4 | Experimental and calculated ECD spectra of part A.
TABLE 2 | Previously reported rule for the identification of relative configurations in side chain compounds (Bifulco et al., 2007).
[image: Table 2]Compound 2 was obtained as a white, amorphous powder and showed a molecular formula of C8H10O5, on the basis of its HRESIMS analysis (Supplementary Figure S14) at m/z 209.0404 (M + Na)+ (calcd for C8H10O5Na, 209.0426), requiring four degrees of unsaturation. The IR spectrum (Supplementary Figure S15) of 2 exhibited characterized absorption bands for hydroxy groups (3,425 cm−1) and ester/lactone carbonyl groups (1732 cm−1). The 1H NMR spectrum (Table 1; Supplementary Figure S10) of 2 showed two sp3 methyls [(δH 1.49, s, CH3-6) and (δH 2.60, s, CH3-7)] and one methoxy group at δH 3.78 (s, CH3-8) signals. The 13C NMR data (Table 1; Supplementary Figure S11) of 2 were attributed to one carbonyl group (δC 197.7, C-1), one lactone carbonyl group (δC 164.4, C-4), two sp2 quaternary carbons (δC 107.7, C-2 and δC 198.3, C-3), and one hemiacetal carbon atom at δC 106.4 (C-5). The key HMBC correlations (Supplementary Figure S13) from H3-6 to C-2 and C-3, from H3-7 to C-1 and C-5, and from the methoxy proton (δH 3.78) to C-4, coupled with the molecular degrees of unsaturation, deduced the planar structure of 2, as shown in Figure 2.
To determine the absolute configuration of C-5, the time-dependent density functional theory (TDDFT) method at the B3LYP/6-311++G** level with PCM in MeOH was performed for 2A (5S) and 2B (5R). The calculated ECD spectrum of 2A matched well with that of the experimental ECD (Figure 5), indicating that the absolute configuration of 2 was elucidated as 5S.
[image: Figure 5]FIGURE 5 | Experimental and calculated ECD spectra of 2.
Compound 3 was obtained as a white, amorphous powder, and the molecular formula C14H18O3 was established according to HRESIMS (Supplementary Figure S21) m/z 257.1155 (M + Na)+ (calcd for C14H18O3Na, 257.1154), requiring six degrees of unsaturation. The 1H NMR and 13C NMR spectra (Table 1; Supplementary Figures S16, S17) exhibited signals indicating the presence of a 1,2,4-trisubsituted phenyl group with the NMR data C-1 (δC 153.5), C-2 (δC 127.0), CH-3 (δH 7.00 overlap, δC 130.8), C-4 (δC 126.0), CH-5 (δH 6.74 dd, J = 8.8, 7.9 Hz, δC 115.8), and CH-6 (δH 7.02 overlap, δC 128.2). The key 1H–1H COSY spin–spin coupling system (Figure 2; Supplementary Figure S20) of H2-9/H-10 and the HMBC (Supplementary Figure S19) correlations from H3-12 and H3-13 to C-10 and C-11 (Figure 2) indicated the presence of a classical isopentenyl group. Additionally, the key HMBC correlations from H2-9 to C-1 and C-2 and from H-3 and H-6 to C-1 indicated the isopentenyl group locating at C-2. In turn, the HMBC correlations from H3-14 and H2-7 to C-8 and from H2-7 to C-3, C-4, and C-6 constructed a methyl acetate group connected to the phenyl group locating at C-4. Moreover, the chemical shift of C-1 (δC 153.5), coupled with HRESIMS, indicated a hydroxyl group locating at C-1. The chemical structure was thus elucidated as shown in Figure 1.
One and Five Suppressed LPS-Induced Nitric Oxide Production
All of the isolates were evaluated for anti-inflammatory activity against the production of NO in RAW264.7 stimulated by LPS. Among the isolates evaluated, compounds 1 and 5 showed a significant inhibitory effect on NO production, with IC50 values of 1.49 ± 0.31 and 3.41 ± 0.85 μM, respectively, while the others exhibited no obviously inhibitory activities, with IC50 values up to over 40 μM (Figures 6A,B; Table 3). Besides, the cytotoxicity assay exhibited that no apparent toxicities were observed at different concentrations of 1 and 5 (Figures 6C,D). These results suggest that 1 and 5 have potential as in vitro anti-inflammatory agents, with better or comparable activities than those of the positive control, dexamethasone (DEX).
[image: Figure 6]FIGURE 6 | Compounds 1 and 5 exert significant anti-inflammatory effect on RAW264.7 macrophage cells. Effects of 1 and 5 on the NO production (A, B) and cell viability (C, D) of LPS-induced RAW264.7. Cells were treated with various concentrations of 1 and 5 ranging from 5, 10, 20, and 40 μM. Data were presented as the mean ± SEM (n = 4). #p < 0.05, ###p < 0.001 vs. control, ***p < 0.001 vs. model.
TABLE 3 | Inhibitory activity against LPS-induced NO production of 1–12.
[image: Table 3]One and Five Exerted Potent Anti-Inflammatory Effect by Restraining the M1 Macrophage Polarization Induced by LPS
Macrophages play an important role in multiple immune responses. Research studies have clarified two major macrophages, including classically activated or inflammatory (M1) and alternatively activated or anti-inflammatory (M2) macrophages (Wang et al., 2019). M1 macrophages can be stimulated by LPS, and then, they secrete high levels of pro-inflammatory cytokine factors, such as NO, COX-2, IL6, IL1β, and TNF-α. Meanwhile, M2 macrophages can be activated by IL-4 or IL-13, characterized by the high-level secretion of IL10, arginase-1 (ARG1), and the mannose receptor, C type 1 (MRC1/CD206) (Kong et al., 2019). Hence, we first detected the secretion of cytokines from the cell culture supernatant of administrated RAW264.7 cells. Our results demonstrated that 1 and 5 both elevated the level of immunoregulatory cytokine IL10 while decreasing pro-inflammatory cytokines IL6, TNF-α, IFN-γ, MCP-1, and IL12 (Figures 7A–F). These findings prompted us to conclude that both 1 and 5 can suppress the induction of M1 macrophages by LPS. As well, our qRT-PCR results exhibited that 1 and 5 significantly inhibited the transcription level of pro-inflammation M1 markers IL6, IL1β, and TNF-α (Figures 8A–D) while remarkably increasing the expression of IL10 and the anti-inflammation M2 markers ARG1 and CD206 (Figures 8E,F). Altogether, our results revealed that both 1 and 5 can have a potent anti-inflammatory effect by preventing the M1 macrophage polarization induced by LPS.
[image: Figure 7]FIGURE 7 | Effects of 1 and 5 on the production of cytokines by LPS-induced RAW264.7 cells. The level of IL10 (A), IL6 (B), IFNγ (C), MCP-1 (D), TNF-α (E), and IL12 (F) produced by LPS-stimulated RAW264.7 cells treated with 1 or 5. Data were presented as the mean ± SEM (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. model.
[image: Figure 8]FIGURE 8 | Influences of 1 and 5 on the transcription level of macrophage markers. The expression of inflammatory markers IL6 (A), TNF-α (B), and IL1β (C) and immunomodulatory markers IL10 (D), ARG1 (E), and CD206 (F) in 1- or 5-administrated RAW264.7 cells activated by LPS. Data were presented as the mean ± SEM (n = 3). ##p < 0.01, ###p < 0.001 vs. control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. model.
One and Five Inhibit the Nuclear Translocation of Nuclear Factor-Kappa B p65
LPS can bind to and activate cell membrane receptor toll-like receptor 4 (TLR4), thus producing a large number of NF-κB through MyD88-dependent pathways, thereby promoting M1 macrophage polarization (Ostareck and Ostareck-Lederer, 2019). We also found that both 1 and 5 can significantly depress the transcription level of inflammatory factors iNOS and COX-2 (Figures 9A,B). Meanwhile, only compound 1 can notably inhibit the protein expression of iNOS and NF-κB p65 (Figure 9D), while 5 exerts slight inhibition on the protein expression of COX-2 and NF-κB p65 (Figure 9D). NF-κB p65 is a pivotal transcriptional factor in the macrophage activation progress, which can activate and translocate into the nucleus to regulate the transcription of COX-2 and iNOS (Emam et al., 2021). We also found that both 1 and 5 can inhibit the nuclear translocation of NF-κB p65 (Figure 9C). On this basis, compounds 1 and 5 were subjected to molecular docking to NF-κB p65 (PDB ID of protein receptor: 1OY3) to gain a better understanding of the hypothetical mechanism. As a result, 1 can virtually bind to NF-κB p65 through hydrogen bonds to the binding sites Asn139 and Arg73, active residues shown in Figure 9E, with an affinity of −6.98 kcal/mol. In comparison, 5 binds to NF-κB p65 through hydrogen bonds to the binding sites Arg246 and Lys221, active residues shown in Figure 9F, with an affinity of −5.78 kcal/mol. Hence, we speculate that 1 can preferably bind to and inhibit NF-κB p65 to exert the anti-inflammatory effect.
[image: Figure 9]FIGURE 9 | 1 and 5 inhibit the nuclear translocation of NF-κB p65 to exert anti-inflammation effect. Effects of 1 and 5 on the transcription level of inflammatory factors iNOS (A) and COX-2 (B) in LPS-induced RAW 264.7 cells. Dexamethasone (Dex) was used as a positive control. Data were presented as the mean ± SEM (n = 3). ###p < 0.001 vs. control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. model. (C) Effects of 1 and 5 on the expression of NF-κB p65 in LPS-treated RAW264.7 cells by immunofluorescence (scale bar = 20 μm). (D) Protein expression of TLR4, iNOS, COX-2, and NF-κB p65 in RAW264.7 cells stimulated with LPS. ##p < 0.01, ###p < 0.001 vs. control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. model. In silico analysis of the interactions between NF-κB p65 and 1 (E) and 5 (F), respectively.
DISCUSSION
To the best of our knowledge, there are very little research data on the secondary metabolites of Aspergillus rugulosa. Aiming to discover new chemical constituents and their pharmacological activities, we explored the secondary metabolites of this fungus. In conclusion, two new polyketide compounds, asperulosins A and B (1–2), and one new prenylated small molecule, asperulosin C (3), along with nine known compounds (4–12), were isolated and identified from the fungus Aspergillus rugulosa. Remarkably, compound 1 was determined as a unique linear chain compound with an α ,β-unsaturated monocyclic lactone structure originating from the polyketide family. Compound 2 was constructed by five continuous quaternary carbon atoms, which occur rarely in natural products. Except for compound 5, the others were first isolated from the fungus Aspergillus rugulosa.
Macrophages play an important role in the immune system. They can be stimulated by LPS, and then, they secrete multiple pro-inflammatory factors, such as NO, COX-2, IL6, IL1β, and TNF-α (Duarte et al., 2014). Excessive NO can induce DNA damage, apoptosis, and oxidative stress, thereby amplifying the inflammatory response (Gu et al., 2020). Accordingly, all of the isolates were evaluated for anti-inflammatory activity against the production of NO in RAW264.7 stimulated by LPS. Among them, polyketide compounds 1 and 5 showed a significant inhibitory effect on NO production, with IC50 values of 1.49 ± 0.31 and 3.41 ± 0.85 μM, respectively. Moreover, our results uncovered that 1 and 5 can also elevate the level of immunoregulatory cytokine IL10 while decreasing pro-inflammatory cytokines IL6, TNF-α, IFN-γ, MCP-1, and IL12. As well, 1 and 5 significantly inhibited the transcription level of pro-inflammation M1 markers IL6, IL1β, and TNF-α while remarkably increasing the expression of IL10 and the anti-inflammation M2 markers ARG1 and CD206. These results suggest that 1 and 5 could be considered as a basis for the synthesis of novel anti-inflammatory drugs.
NF-κB is a transcription factor that regulates the gene expression of inflammation, cell growth, proliferation, and immune response (Khan et al., 2020). NF-κB is composed of the p65 and p50 subunits. LPS can stimulate and activate the transcription activity of NF-κB p65 by promoting its translocation into the nucleus (Christian et al., 2016). Our results demonstrate that both 1 and 5 can obviously prevent the expression of NF-κB p65 in the nucleus and suppress the transcription of COX-2 and iNOS. However, 1 exerts more potent inhibition activity on the protein expression of TLR4, iNOS, and NF-κB p65 than 5. These results are consistent with the NO inhibition IC50 value. Hence, we presume that 1 can suppress the expression and the nuclear translocation of NF-κB p65 to induce stronger anti-inflammatory activity than that of 5.
In conclusion, both 1 and 5 can suppress immune response in LPS-induced RAW264.7 cells by blocking the NF-κB pathway and decreasing the production of COX-2 and iNOS. Finally, compounds 1 and 5 exhibited potential anti-inflammatory activities in vitro that were comparable to those of the positive control, DEX.
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Bazi Bushen capsule (BZBS), as a Chinese medicine used to relieve fatigue, has been proven effective for the treatment of atherogenesis through antilipid effects. To investigate the potential mechanism of BZBS in the anti-atherosclerotic effect, Ovx/ApoE-/- mice were applied to investigate the anti-atherosclerotic efficiency and potential mechanism of BZBS. Therapeutic effect was evaluated based on the number of CD68+ and CD3+ cells, the level of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), and the ratio of cleaved caspase-3/caspase-3, as well as increasing ratio of Bcl2/Bax. Human umbilical vein endothelial cells (HUVECs) were chosen to evaluate the role of GPER1. Treatment with BZBS reduced lipid deposition by reducing the numbers of CD68+ and CD3+ cells, the level of ICAM-1 and VCAM-1, and the ratio of cleaved caspase-3/caspase-3, and increasing the ratio of Bcl2/Bax as compared with the control group. In si-GPER1-treated HUVECs, the anti-apoptotic effect of BZBS was decreased. This study revealed that BZBS exhibited a clear effect against atherogenesis via GPER1-dependent anti-inflammatory and anti-apoptotic mechanisms. We believe that this manuscript is informative and useful for researchers pursuing the related alleviation of post-menopausal AS via anti-inflammatory and anti-apoptotic mechanisms.
Keywords: atherosclerosis, bazi bushen capsule, lipid profile, inflammation, apoptosis, GPER1 antagonist
INTRODUCTION
Atherosclerosis (AS) is the basis of cardiovascular diseases (Gaziano et al., 2010; Libby et al., 2011), and cardiovascular diseases are the leading cause of death in women worldwide. Endogenous estrogen has a protective effect against AS in pre-menopausal women. However, in post-menopausal (PM) women, due to the lack of estrogen, the morbidity and mortality associated with AS are greatly increased (Barton, 2013). Despite strong vasculoprotective effects, exogenous estrogen has many side effects such as thrombosis and tumorigenesis (Schenck-Gustafsson et al., 2011), and clinical treatment of women with estrogen replacement therapy may prevent subclinical AS but has no benefit on cardiovascular disease risk after menopause and later in life (Mcgowan and pottern, 2000; Schenck-Gustafsson et al., 2011). Therefore, estrogen supplementation in PM women for primary and secondary prevention of cardiovascular disease is controversial.
Phytoestrogens (PEs) are a class of non-steroidal compounds that naturally occur in plants, fruits, and vegetables. PEs have structures and molecular weights similar to those of endogenous estrogen, and have estrogen-like effects without estrogen-like side effects (Poluzzi et al., 2014). Many traditional Chinese medicines contain PEs (Zhao et al., 2017; Liang et al., 2019; Yang et al., 2019), which provides new options for PM women looking for safe and effective anti-atherosclerotic drugs. Bazi Bushen capsule (BZBS; an eight-seed kidney-tonifying capsule) was used to relieve fatigue with a compound formula composed of 16 kinds of traditional Chinese medicines (Table 1) BZBS has been proven to improves lipid metabolism (Huang et al., 2020). Fingerprint analysis of BZBS revealed that it contained a variety of PEs, including flavones, coumarins, lignans, and the terpenoid catalpol (Huang et al., 2020).
TABLE 1 | The ratio of the plants present in the preparation of BZBS.
[image: Table 1]Estrogen and PEs perform various physiological functions by binding to the corresponding estrogen receptors (Prossnitz and Arterburn, 2015; Rexrode, 2018). The classical estrogen nuclear receptors ERα and ERβ mediate genomic effects by regulating the transcription of specific target genes (Meyer et al., 2011). As a membrane estrogen receptor, the G protein-coupled oestrogen receptor 1 (GPER1) has a rapid nongenomic effect mediated by the second messenger system (Revankar et al., 2005; Meyer et al., 2011). The pathogenesis of AS is complex. Endothelial cells (ECs) inflammation and inflammation-induced endothelial apoptosis are triggers for the occurrence and development of AS (Madhur et al., 2011; Herrero-Fernandez et al., 2019). Moreover, the PM state is characterized by generalized inflammatory activation. Estrogen exerts potent vasculoprotective effects that are partly mediated by inhibiting inflammation and apoptosis (Barton, 2013). GPER1 is expressed in many organs of the body including the arteries (Reslan et al., 2013). In PM mice, GPER1 deficiency exacerbates AS, an effect that is associated with significant vascular inflammation. Administration of G1, a highly selective GPER1 agonist, led to a pronounced decrease in vascular inflammation accompanied by attenuated atherosclerotic plaque formation (Meyer et al., 2014).
In the current study, we aimed to investigate the potential mechanism of BZBS on AS. We investigated the effects of BZBS in an animal model of PM AS ovariectomized (Ovx) ApoE-/- mice. After demonstrating that BZBS has anti-inflammatory and anti-apoptotic effects, we performed an in vitro study to assess the underlying mechanism. Our results revealed that these effects are dependent on the GPER1-mediated inhibition of anti-inflammatory and anti-apoptotic mechanisms.
MATERIALS AND METHODS
Chemicals and Reagents
BZBS capsules were provided by Shijiazhuang Yiling Pharmaceutical Co., Ltd. (Lot: A1801001, Shijiazhuang, China). A BZBS suspension in 0.5% sodium carboxymethylcellulose (CMC) was administered to mice via intragastric injection. BZBS was weighed and dissolved in serum-free Ham’s F-12K medium. G1 was provided by ApexBio (Houston, TX, United States). As previously described, G1 was dissolved in absolute ethanol to prepare a stock solution of 20 μg/ml and stored in a -20°C freezer. The G1 working solution was diluted 10 times with solvent, and each mouse was injected subcutaneously with 0.2 μg G1 per day (Dennis et al., 2009). The high-fat diet was purchased from Research Diets, Inc. (PE-free, 1.25% cholesterol, 40 kcal% fat, and 0.5% cholic acid, New Brunswick, NJ, United States).
Animal Experiments and Sample Preparation
Fifty C57BL/6J mice and sixty female homozygous ApoE-/- mice (18–22 g) were obtained from GemPharmatech Co., Ltd. (Nanjing, China). The animals were acclimated for three-days with a 12 h light-dark cycle with water and food ad libitum. The experiments were approved by the Ethics Commission of Animal Care of the Hebei Yiling Chinese Medicine Research Institute under approval number N2018050 (20180711).
Surgical menopause (Ovx/ApoE-/- mice) were induced by ovary ligation and bilateral ovariectomy under sterile conditions, whereas the C57BL/6J mice (control group, n = 15) only underwent sham surgery (needle threading). After recovering for 7 days, the ApoE-/- mice were randomly assigned to four groups (n = 15) as described in Table 2. The first group served as the model group, and these animals received a high-fat diet with intragastric (i.g.) injection of the vehicle (0.5% CMC-Na). In the three experimental groups, the G1 group was treated with 0.2 μg/day G1 and high-fat diet, while the low-dose BZBS (1.4 g/kg/day, LD-BZ) group and the high-dose BZBS (2.8 g/kg/day, HD-BZ) groups were treated with BZBS and high-fat diet for 12 weeks.
TABLE 2 | Treatment protocol of mice.
[image: Table 2]Cell Experiments
Human umbilical vein endothelial cells (HUVECs) were cultured in Ham’s F-12K medium supplemented with 100 μg/ml heparin, 50 μg/ml endothelial cell growth supplement (ECGS), 10% foetal bovine serum (FBS), and 1% penicillin-streptomycin (P/S) (Procell Life Science & Technology Co., Ltd., Wuhan, China) at 37°C in 5% CO2. Cells at passages 3–7 were used in subsequent experiments. HUVECs were seeded at a density of 1 × 105 cells per well into 35-mm dishes. After 24 h, the cells were transfected with 50 nM GPER1 siRNA (CCG​ACC​UGU​ACU​UCA​UCA​ATT and UUG​AUG​AAG​UAC​AGG​UCG​GTT; GenePharma, Shanghai, China) in Gibco Opti-MEM I reduced serum medium with Invitrogen Lipofectamine RNAiMAX transfection reagent. Scrambled siRNA without sequence homology to any known human gene served as the negative control (NC). GPER1 protein levels were measured 40 h post-transfection to evaluate the knockdown efficiency. To establish an oxidized low-density lipoprotein (Ox-LDL)-induced apoptosis model and assess the protective effect of BZBS, we pretreated transfected HUVECs with 400 μg/ml BZBS in serum-free EC basal medium. The pretreatment started 8 h after transfection, lasted for 12 h and was followed by incubation with Ox-LDL (120 μg/ml, 24 h).
Serum Analysis
The levels of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) were quantified by an enzyme-linked immunosorbent assay (ELISA) kit (CUSABIO, Wuhan, China).
Quantification of Atherosclerotic Lesions
For en face quantification of AS, part of the aorta from the descending aorta to the iliac bifurcation was excised, carefully cleaned to remove adherent fat and connective tissue, and mounted en face with oil red O staining solution. To observe atherosclerotic plaques under a microscope, the hearts and proximal aortae were removed, and cross-sections (8 µm serial sections) of the aortic root were stained with haematoxylin-eosin (H&E) and oil red O. Neutral lipids were stained with oil red O. Four cross-sections were analysed from each mouse. Quantification was performed using Image-Pro Plus 6.0 software (Meyer Instruments, Houston, TX, United States).
TUNEL Apoptosis Assay
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labelling) apoptosis assays were performed with the In Situ Cell Death Detection Kit, Fluorescein (Roche, Mannheim, Germany). Cells grow on cover slips were fixed by 4% paraformaldehyde. Proteinase K working solution was then applied to cover the cells and incubated at 37°C for 25 min. Permeabilization working solution was added to the cover slips, and incubated at room temperature for 20 min. TDT enzyme, dUTP and buffer from the TUNEL kit were mixed at the ratio of 1:5:50 according to the number of slices. After 3% BSA blocking, rabbit polyclonal antibody to CD31 (1:100; Abcam) and goat anti-rabbit IgG (1:100; Abcam, red fluorescence) were used to confirm ECs. The cells were then incubated with a DAPI solution at room temperature for 10 min. Images were obtained using a ZEISS laser scanning confocal microscope.
Immunofluorescence, Quantitative Real-Time PCR analysis, Western Blot Analysis, and Annexin V-FITC/Propidium Iodide Apoptosis Assay
The complete details of immunofluorescence, quantitative real-time PCR analysis, Western blot analysis, and Annexin V-FITC/propidium iodide (PI) apoptosis assay are provided in the Supplementary Material.
Statistical Analysis
Correlation analysis was performed using IBM SPSS 20.0 software. Statistical analysis was performed by one-way ANOVA. Differences with p-values < 0.05 were considered statistically significant. All results are presented as mean ± SE.
RESULTS
Bazi Bushen Capsule Treatment Hindered the Development of AS in Ovx/ApoE-/- Mice
Both the macroscopic observation of the aortas (Figures 1A,B) and the microscopic images of the aortic roots (Figures 1C,D) revealed that lipid deposition was most severe in the model group. Treatment with G1 or BZBS reduced lipid deposition, as the lesions in the corresponding groups (G1, HD-BZ, and LD-BZ) were narrower than those of the model group (Figures 1A–D). En face analysis of the aortas revealed 29, 26, and 17% reduction in plaque area in the G1, HD-BZ, and LD-BZ groups, respectively, compared with that of the model group (Figures 1A,B), indicating that BZBS has a therapeutic effect against AS induced by estrogen deficiency and a high fat diet. These results support the idea that BZBS exhibits a protective effect against AS.
[image: Figure 1]FIGURE 1 | Effects of BZBS on atherosclerotic plaque formation in Ovx/ApoE-/- mice. (A)En face staining of aortas with oil red O. (B) Quantification of the plaque area as measured in A. (C) Light microscopy images (40×) of aortic roots stained with H&E and oil red O. (D) Quantification of the lesion areas as measured in C. **p < 0.01 vs. the control group; ##p < 0.01 vs. the model group (n = 4–6).
Bazi Bushen Capsule Treatment Inhibited the Accumulation of Inflammatory Cells in Ovx/ApoE-/- Mice
AS is known to involve an ongoing inflammatory response, with macrophages and T cells playing key roles in the onset and development of this condition (Hansson and Hermansson, 2011). Immunofluorescence analysis of atherosclerotic lesion areas in aortic arches revealed that surgically-induced menopause resulted in a marked accumulation of CD68+ cells (macrophages) and CD3+ cells (T cells) (Figure 2A–C). However, inflammatory cell infiltration in the G1 group and both BZBS groups was significantly reduced (Figure 2A–C). The NF-κB pathway serves as a critical mediator of inflammatory responses by activating the transcription of several pro-inflammatory genes (Taylor and Cummins, 2009). We observed that the p-IκBα/IκBα and p-p65/p65 ratios in the aortas of the model group were significantly higher than those of the control group. G1 and BZBS treatment significantly reduced these ratios, bringing them closer to those of the control group (Figures 2D,E). Activation of the NF-κB pathway can lead to the expression of the adhesion proteins VCAM-1 and ICAM-1 (Sun et al., 2020b). The mRNA and protein levels of these adhesion molecules were also assessed. Compared with the control mice, the expression levels of VCAM-1 and ICAM-1 were higher not only in the serum (protein level) but also in the aorta (RNA level) in the high fat diet-fed PM mice. G1 and BZBS reduced the expression of VCAM-1 and ICAM-1 (Figures 2F,G).
[image: Figure 2]FIGURE 2 | Effect of BZBS on the accumulation of inflammatory cells and adhesion molecule expression mediated by transactivation of NF-κB signalling in Ovx/ApoE-/-mice. (A) Immunofluorescence was used to quantify CD68+ cells (macrophages, green) and CD3+ cells (T cells, red) in the aortic arch. (B) %of CD3+ cells/lesion area. (C) %of CD68+ cells/lesion area. (D) Western blots of phospho-IκBα (Ser36), IκBα, phospho-p65, p65, VCAM-1, ICAM-1, and GAPDH. (E) Graph showing quantification results of the bands in D, using GAPDH as an internal reference protein. (F) Graph showing the levels of VCAM-1 and ICAM-1 as determined by ELISA. (G) Graph showing the levels of VCAM-1 and ICAM-1 mRNA as determined by quantitative real-time PCR analysis; GAPDH was used as an internal reference gene. **p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the model group (n = 4–6).
Bazi Bushen Capsule Treatment Inhibited Apoptosis in Ovx/ApoE-/- Mice
Inflammation often causes apoptosis. TUNEL apoptosis assays showed that there were significantly fewer apoptotic ECs in the atherosclerotic plaques of the BZBS groups than in those of the model group (Figure 3A). Model mice had markedly lower expression levels (at both the mRNA and protein levels) of the anti-apoptotic gene, Bcl-2, than control mice, whereas the opposite result was observed for the pro-apoptotic gene, Bax. However, G1 and BZBS attenuated the effects of ovariectomy on both genes, increasing Bcl-2 expression and reducing Bax expression (Figures 3B–D). We also assessed another apoptotic index, the ratio of cleaved caspase-3 to caspase-3. As shown in Figures 3C,D, mice in the model group had higher ratios than control mice, whereas G1 or BZBS treatment reduced the ratio. In other words, BZBS reduced estrogen deficiency-induced apoptosis by regulating Bcl-2, Bax and cleaved caspase-3.
[image: Figure 3]FIGURE 3 | Effect of BZBS on endothelial cell apoptosis in Ovx/ApoE-/-mice. (A) Images from the TUNEL apoptosis assay were used to quantify apoptotic ECs in aortic arch atherosclerotic plaques in mice. (B)Bcl2 and Bax mRNA levels were determined by quantitative real-time PCR analysis. GAPDH was used as an internal reference gene. (C) Western blots showing Bcl2, Bax, and caspase-3 analytes. (D) Graph showing the values derived from the quantification of the bands shown in C; GAPDH was used as an internal reference protein. The data are presented as the mean ± SD. *p < 0.05, **p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the model group (n = 4–6).
G-Protein-Coupled Estrogen Receptor 1 is a Key Mediator of Bazi Bushen Capsule-Induced Endothelial Protection
Selective GPER1 activation can inhibit postmenopausal AS (Jing et al., 2017). To determine whether GPER1 mediates the endothelial-protective effect of BZBS, GPER1 expression was knocked down in HUVECs by transfection with GPER1-specific siRNA (Figures 4A,B). Apoptosis was induced with 120 μg/ml Ox-LDL. At this concentration, more than half of the cells remained viable (60.04 ± 3.35%, Supplementary Figure S1A). As shown in Supplementary Figure S1B, BZBS increased cell viability, with the increase being most prominent at 400 μg/ml BZBS. As other kinds of vascular cells such as smooth muscle cells were also included in aortic arch atherosclerotic plaques, Figure 3 does not represent the complete results for endothelial cells. Here a similar result was observed with respect to the effect of BZBS on HUVECs.
[image: Figure 4]FIGURE 4 | Effect of BZBS on the apoptosis of Ox-LDL-induced HUVECs with GPER1 deficiency. (A,B) GPER1 protein levels were measured 40 h posttransfection to evaluate knockdown efficiency. (C,D) Western blots showing Bcl2, Bax, and caspase-3 proteins. (E,F) Annexin V-FITC/propidium iodide (PI) (G,H) was used to measure the apoptotic rates in the various groups of Ox-LDL-treated HUVECs. The data are presented as the mean ± SD. **p < 0.01 vs. the si-NC control group; ##p < 0.01 vs. the si-NC model group; &&p < 0.01 vs. the si-GPER1 control group; △p < 0.05 vs. the si-GPER1 model group (n = 3).
After the GPER1 gene was knocked down, Bcl2, Bax, cleaved caspase-3 and caspase-3 were almost unchanged between the si-GPER1-control and si-NC-control groups. The Bcl2/Bax ratio decreased slightly (−20.8%, p = 0.088) and the cleaved caspase-3/caspase-3 ratio increased slightly (19.6%, p = 0.158) in the si-GPER1-control group, but the differences were not significant. These results indicate that silencing GPER1 in unstimulated HUVECs may slightly induce apoptosis. Interestingly, after stimulation with Ox-LDL, the Bcl2/Bax ratio in both model groups decreased compared with that in each control group, while the cleaved caspase-3/caspase-3 ratio was significantly increased. BZBS improved these ratios to some extent in the si-GPER1-BZBS group but had a reduced effect compared to that in the si-NC-BZBS group (BZBS upregulated Bcl2/Bax 85.9% in the si-NC group vs. 33.2% in the si-GPER1 group and downregulated cleaved caspase-3/caspase-3 44.8% in the si-NC group vs. 12.0% in the si-GPER1 group; Figures 4C,D). TUNEL and Annexin V-FITC/PI assays also showed that the apoptotic rates in the si-GPER1-control groups were generally higher than those in the corresponding si-NC-control groups (Figures 4E–H). Ox-LDL induced more apoptosis in the si-GPER1 group than in the control group, and the anti-apoptotic effect of BZBS was weaker in si-GPER1 cells than in control cells, suggesting that GPER1 plays a key role in protecting ECs (Figures 4E–H). Although there was no significant difference among the groups in early apoptosis (Supplementary Figure S2A), the same result was found in late apoptosis (Supplementary Figure S2B).
DISCUSSION
The accumulation of lipids in the arterial walls induces AS (Salvayre et al., 2016; Suciu et al., 2018). Sex hormone levels after menopause are associated with increased AS risk in women later in life (Zhao et al., 2018). PEs have been shown to prevent the development of atherosclerotic lesions via lipid metabolism pathways (Chen et al., 2018), and we demonstrated that BZBS contains 11 unique PEs, and improve fatty acid metabolism in high-fat diet-fed, surgically-induced menopausal ApoE-/- mice by reducing serum lipid levels (Huang et al., 2020). Although the mouse model used is quite complex, it also successfully simulated the clinically severe hyperlipidemia state after menopause. This animal model is widely used in the hyperlipidemia model of postmenopausal women (Meng et al., 2021b; Sun et al., 2020a). In this study, we aimed to investigate the potential mechanism of BZBS on AS. Lipid deposition was higher after high-fat diet-feeding and spaying ovariotomy. Treatment with BZBS reduced lipid deposition, and BZBS exhibited a clear effect against atherogenesis via GPER1-dependent anti-inflammatory and anti-apoptotic mechanisms, which revealed that BZBS exhibited a protective effect against AS.
AS is a chronic inflammatory disease, and lipid metabolism mediates AS-related inflammation (Zhu et al., 2018; Wu et al., 2020). In atherosclerotic lesions, macrophages, T lymphocytes, B-lymphocytes, dendritic cells, ECs, and resident immune cells are activated and accumulate, manifesting inflammatory effects (Pyka-Fosciak et al., 2013). Our immunofluorescence analysis demonstrated that BZBS treatment reduced the accumulation of CD68+ macrophages and CD3+ T cells. Inflammation-activated ECs release pro-inflammatory mediators, including chemokines, pro-inflammatory cytokines, and adhesion molecules (Song et al., 2016). ECs are the main target of estrogen-mediated vascular protection (Sun et al., 2020a). Estrogen acts as an anti-inflammatory agent by reducing the expression of adhesion proteins via inhibition of the NF-κB pathway (Zhang et al., 2003; Knowlton and Lee, 2012). In this study, the data revealed that BZBS treatment may block the NF-κB signalling pathway, thereby reducing the secretion of adhesion molecules VCAM-1 and ICAM-1 (Figures 2, 5), indicating an anti-inflammatory effect.
[image: Figure 5]FIGURE 5 | Mechanism by which BZBS inhibits endothelial cell apoptosis through GPER1 mediated regulation.
EC apoptosis occurs throughout the early stages of AS, and is an important characteristic of this condition (Hort et al., 2014). NF-κB regulates the expression of genes associated with EC apoptosis (Cao et al., 2016). Bcl-2 family members are either anti-apoptotic, such as Bcl-xl and Bcl-2, or pro-apoptotic, such as Bad, Bak, and Bax. The latter proteins are associated with mitochondrial permeability transition pore (MPTP) regulation and the release of cytochrome c (Cyt-c), a critical mitochondrial death factor, resulting in the activation of caspase-9 and caspase-3 and, ultimately, apoptosis (Solesio et al., 2013). Caspase-3 is considered the final executor, as it is indispensable for apoptotic chromatin condensation and DNA fragmentation (Lu et al., 2010). Our data indicated that BZBS markedly inhibited apoptosis, as shown by the upregulation of the anti-apoptotic protein Bcl-2, downregulation of pro-apoptotic Bax, and decreased expression and activity of caspase-3 (Figures 3, 5). This finding was confirmed by immunofluorescence analysis.
As a transmembrane protein, GPER1 contains 375 amino acids and belongs to the G-protein-coupled receptor family. As such, its peptide chain starts with an extracellular N-terminus, traverses the membrane seven times, and ends with an intracellular C-terminus that contains the binding site of a guanosine-binding protein (G protein) (Meyer et al., 2011). Upon binding to estrogen, GPER1 activates several intracellular signal transduction pathways, such as the NF-κB (Du et al., 2018) and caspase-3 signalling pathways (Jiang et al., 2019), decreases the Bax/Bcl-2 ratio (He et al., 2018) and exerts protective effects by inhibiting NF-κB-mediated inflammation and caspase-3- mediated apoptosis. It is well known that PEs exhibit estrogenic activity. The pharmacological effects of some PEs were sensitized by activating GPER1 (Du et al., 2018; Ariyani et al., 2019). In our previous study, 11 unique PEs were identified in BZBS (the relative levels of 11 unique PEs are shown in Table 3, and Figure 6). G1 was selected as a GPER1 agonist because G1 is devoid of uterotrophic activity, similarly to PEs (Meyer et al., 2014). Indeed, our previous study revealed that BZBS did not prevent uterine atrophy in Ovx/ApoE-/- mice (Huang et al., 2020). In Ox-LDL-stimulated HUVECs, the Bcl2/Bax ratio decreased compared with that of the control group, while the cleaved caspase-3/caspase-3 ratio was increased significantly after the GPER1 gene was knocked down (Figures 4, 5). TUNEL and Annexin V-FITC/PI assays also showed increased Ox-LDL-mediated apoptosis in the si-GPER1 group, and the anti-apoptotic effect of BZBS was reduced in si-GPER1 cells, suggesting that BZBS exerted a protective effect on ECs (Figure 5) via GPER1-dependent anti-inflammatory and anti-apoptotic mechanisms. In this study, results showed that BSBZ and G1 (GPER agonist) reduce apoptosis in HUVECs through activated GPER, which is contrary to previous observation that GPER activation stimulates cell apoptosis (Gros et al., 2013; Feldman et al., 2014): we speculate that the in vivo situation is likely very different from the in vitro observation (Ding et al., 2009). In addition, the research objects of previous observation are vascular smooth muscle cells. The object of this study is vascular endothelial cells. Some literature studies have shown that the effect of E2 and GPER on endothelial cells is to inhibit apoptosis, while is to promote apoptosis on smooth muscle cells (Kassi et al., 2015; Jing et al., 2017; Wei et al., 2020). In our research, we also found that BSBZ and G1 (GPER agonist) reduce the apoptosis in HUVECs through activated GPER.
TABLE 3 | Precision test of relative area.
[image: Table 3][image: Figure 6]FIGURE 6 | UPLC of BZBS (A) and Reference substance [(B), mixed reference substance]. The BZBS detection method is shown as a Supplementary method. Compound 13. Isoquercitrin; compound 14. Hyperoside; compound 17. Verbascoside; compound 22. Epimedins A; compound 24. Icariin; compound 29. Baohuoside I; compound 31. Imperatorin; compound 32. Osthole; compound 36. Catalpol; compound 37. Deoxyschizandrin; 39.Schisandrin B.
However, this study also has some limitations. First, BZBS is a complex molecular mixture, and not all of the contents are completely known. Second, the specific PEs that play major roles have not been determined. Cell membrane chromatography is a very efficient method and was developed to identify bioactive compounds from TCMs (Sun et al., 2020b), this method can be used to characterize the 11 phytoestrogens in BZBS with respect to anti-atherosclerosis effects. Third, GPER1 overexpression was not considered. Fourth, the effects of AS progression through other pathways require further study, such as classic estrogen receptors (ERα, ERβ and several splice variants). We deduced that BZBS can reduce vascular endothelial cell pyroptosis through ERα-mediated activation of autophagy or the following regulation of the expressions of SREBPs and SIRT1 to improve atherosclerosis in post-menopausal stage (Chen, et al., 2020; Meng et al., 2021a). Finally, for extracts already used in humans, it is critical to have a dose–response curve in the experimental set up that includes the usual dose in humans (Heinrich et al., 2020). Current dose usage in our study (1.4 and 2.8 mg/kg/d) was slightly higher than the clinical equivalent dose in mice (0.7 mg/kg/d). Although the dose is not grossly excessive, the lower dose studies will be needed.
CONCLUSION
In this study, we revealed that BZBS treatment reduced lipid deposition, inhibited inflammatory molecule expression, protected against apoptosis, and decreased atherosclerotic lesion formation in high-fat diet-fed, surgically-induced menopausal mice. We further indicated that the underlying mechanism of these anti-inflammatory and anti-apoptotic effects was mediated by the GPER1 pathway. Our findings indicate that BZBS may prevent AS in postmenopausal women.
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In the original article, there was a mistake in Table 1 as published. BZBS is a post-marketing drug, and there is an error in the components of BZBS and ratio amounts in application (Li et al., 2021). The corrected Table 1 appears below.
TABLE 1 | The ratio of the plants present in the preparation of BZBS.
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Fibroblast-like synoviocytes (FLSs) are the prominent non-immune cells in synovium and play a pivotal role in rheumatoid arthritis (RA) pathogenesis. Searching for natural compounds that may suppress the pathological phenotypes of FLSs is important for the development of RA treatment. Tomatidine (Td), a steroidal alkaloid derived from the solanaceae family, has been reported to have anti-inflammatory, anti-tumor and immunomodulatory effects. However, its effect on RA remains unknown. Here, we examined the inhibitory effect of Td on TNFα-induced arthritic FLSs, and subsequently investigated its therapeutic effect on collagen-induced arthritis (CIA) rats. Our results revealed that Td significantly inhibited TNFα-induced proliferation and migration of arthritic FLSs. In addition, we found that Td treatment could efficaciously ameliorate synovial inflammation and joint destruction of rats with CIA. Both in vitro and in vivo studies showed that Td significantly suppressed the production of pro-inflammatory cytokines including IL-1β, IL-6 and TNFα, and downregulated the expression of MMP-9 and RANKL. Further molecular mechanism studies revealed that the inhibitory effect of Td on RA might attribute to the decreased activations of MAPKs (ERK and JNK) and NF-κB. These findings provide evidence that Td has the potential to be developed into a complementary or alternative agent for RA therapy.
Keywords: tomatidine, rheumatoid arthritis, fibroblast-like synoviocytes, collagen-induced arthritis, MAPK, NF-κB
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disorder characterized byinflammation of the synovium and destruction of bone tissue (Ath and Denton, 1991; Athanasou, 1996; Danks et al., 2002). Although RA pathogenesis remains incompletely understood, many cell types such as fibroblast-like synoviocytes (FLSs), macrophages, osteoclasts and lymphocytes have been demonstrated to be involved (Gravallese, 2002; Ma and Pope, 2005; Skapenko et al., 2005). As the important effector cells in this disease, FLSs exhibit tumor-like characteristics such as overproliferation, aggressive migration and invasion, and apoptosis-resistance (Neidhart et al., 2003; Mor et al., 2005; Noss and Brenner, 2008; Bartok and Firestein, 2010; Lahoti et al., 2014). These over-activated FLSs can produce multiple pro-inflammatory cytokines which promote the formation of pannus and the destruction of cartilage and bone (Firestein, 2003). In addition, the pathogenic properties of FLSs have been demonstrated to tightly correlate with histological and radiographic damage in RA animal models and patients (Lange et al., 2005; Laragione et al., 2008). Therefore, FLS-targeted therapy represents an attractive complementary approach to immune-directed therapies in RA.
Many current drugs used for RA therapy have relatively limited effectiveness and unwanted side effects. Therefore, botanical medicines as alternative remedies have become increasingly popular as they are believed to be safe, efficacious and have over a thousand years’ history in treating patients. Furthermore, analysis of patents on anti-RA therapies issued in China revealed that traditional Chinese Medicine may provide substantial new information for anti-RA drug development (Yuan et al., 2015). Tomatidine (Td) is a natural steroidal alkaloid that isolated from the Solanaceae plants such as tomatoes, potatoes and eggplants (Lange et al., 2005; Laragione et al., 2008). Steroidal alkaloids are known to be essentially nitrogen analogues of steroid saponins such as diosgenin, which is a precursor of steroidal hormones and anti-inflammatory steroids. Nowadays, Td has received increasing attention for its confirmed pharmacological safety and a variety of biologic activities, including cardioprotective, antioxidative, anti-inflammatory, anticancer, anti-osteoporosis, and immunoregulatory effects, as well as its ability to inhibit muscle atrophy (Chiu and Lin, 2008; Friedman et al., 2009; Lee et al., 2011; Shieh et al., 2011; Yan et al., 2013; Hu et al., 2019; Jeon and Kim, 2019). For example, Chiu and Lin found that Td effectively inhibited the expressions of COX2 and iNOS by suppressing NF-κB and JNK pathways in LPS-stimulated mouse macrophage cells (Chiu and Lin, 2008). Meanwhile, Td was demonstrated to regulate the function of the immune system through stimulating potent antigen-specific humoral and cellular immune responses (Lee et al., 2004). In addition, Td could effectively inhibit the proliferation and invasion of tumor cells, and promote the cell apoptosis (Friedman et al., 2009; Lee et al., 2011; Shieh et al., 2011). More importantly, Hu et al. found that Td suppressed osteoclast formation and mitigated estrogen deficiency-induced bone mass loss (Hu et al., 2019). Given the reported pharmacological functions of Td and the clinical and pathological features of RA, we hypothesized that Td might represent a novel treatment for RA. Thus, we here investigated the therapeutic effect of Td on cultured arthritic FLSs and type Ⅱ collagen-induced arthritis (CIA) in rats, and subsequently explored their underlying mechanisms.
MATERIALS AND METHODS
Reagents
Td (C₂₇H₄₅NO₂, purity ≥ 98%) was obtained from MedchemExpress (Shanghai, China). Lyophilized native chicken type Ⅱ collagen (CⅡ) was purchased from Chengdu Herbpurify Co., Ltd. (Chengdu, Sichuan, China). Methotrexate (MTX) was from Shanghai Sine Pharmaceutical Co., Ltd. (Shanghai, China). Commercial kits for measurement of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were from Jiancheng Institute of Biotechnology (Nanjing, Jiangsu, China). IL-1β, IL-6 and TNFα ELISA kits were purchased from SenBeiJia Biological Technology Co., Ltd. (Nanjing, Jiangsu, China). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (Gibco BRL, Grand Island, NY, United States). Fetal bovine serum (FBS) was purchased from Invigentech (Sydney, Australia). Recombinant tumor necrosis factor alpha (TNFα) was purchased from Peprotech (PeproTech, Rocky Hill, NJ, United States). MTS reagents, Triton-X 100, DAPI solution and Freund’s complete adjuvant (CFA) were purchased from Sigma-Aldrich (St Louis, MO, United States). 5-Ethynyl-2ʹ-deoxyuridine (EdU) was obtained from Guangzhou RiBo Bio Co., Ltd. (Guangzhou, Guangdong, China). Annexin V-FITC apoptosis detection kit was from KeyGEN Biotech Co., Ltd. (Nanjing, Jiangsu, China). TRIzol reagent was from Invitrogen Life Technologies (Carlsbad, CA, United States). Primary antibodies targeting phosphorylated extracellular signal-regulated kinase 1/2 (p-ERK1/2), phosphorylated c-Jun N-terminal kinases (p-JNK), phosphorylated p38 (p-p38), phosphorylated inhibitor of NF-κB (p-IκBα), total ERK, total JNK, total p38, IκBα, p65, MMP-2, MMP-9 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from CST (Cell Signaling Technology, Inc., Beverly, MA, United States). Anti-RANKL antibody was obtained from Proteintech (Proteintech Group, Inc., Chicago, United States).
Isolation and Culture of Arthritic Fibroblast-Like Synoviocytes
Arthritic FLS cells were isolated and cultured as previously reported (Liu Z. et al., 2018). Briefly, the synovial tissues were dissected from the knees of the vehicle-treated CIA rats, minced and incubated with 0.25% trypsase and 0.4% collagenase. Arthritic FLS cells were collected and cultured in DMEM supplemented with 10% FBS, 100 U·mL−1 penicillin and 100 μg·mL−1 streptomycin at 37°C in 5% CO2. Cells from passages three to nine were used for all in vitro experiments.
Cell Viability Assay
Arthritic FLS cells were seeded into 96-well plates and cultured for 48 h with complete DMEM containing varying concentrations of Td (0, 2.5, 5, 10, 20, 40, 80 μM). MTS/PMS mixture was added and cells were incubated for another 4 h. The absorbance at 490 nm was measured using a microplate reader (Model 680, BioRAD, Hercules, CA, United States). The effect of Td on cell viability was expressed as percent cell viability with vehicle treated control cells set at 100%. GraphPad Prism (version 5.0c; San Diego, CA) was used to calculate the half maximal inhibitory concentration (IC50).
Ethynyl-2ʹ-deoxyuridine Incorporation Assay
Arthritic FLS cells were incubated with Td (5 μM) for 6 h and then stimulated with or without TNFα (50 ng·mL−1) for 24 h. EdU (10 μM) was added to measure the newly synthesized DNA and Hoechst 33342 was used to counterstain cell nuclei. The cell proliferation rate was calculated as the proportion of nucleated cells incorporating EdU in five high-power fields per well.
Wound-Healing Assay
Wound-healing assay was carried out as our previous descriptions (Liu et al., 2018b; Qiu et al., 2018). In brief, arthritic FLSs were seeded into 12-well plates and cultured to 80% confluency. A linear scratch was created using a sterile 200 ul pipette tip. After washing the suspended cell debris with PBS, arthritic FLSs were treated with different concentrations of Td (0, 2.5, 5 and 10 μM) for 1 h and then stimulated with TNFα (50 ng·mL−1) for 24 h. The cell migration area was measured by comparing the remaining cell-free area in the identical fields using Image J software (National Institutes of Health, Bethesda, MD, United States).
Apoptosis Assay
Arthritic FLS cells were seeded into 6-well plates and incubated with varying concentrations of Td (0, 2.5, 5 and 10 μM) for 24 h. Cells were then harvested for staining with annexin V and propidium iodide (PI) solution. The cells were detected by a flow cytometer (Beckman Coulter, CA, United States) and the apoptotic cell percentage was analyzed using Cell Quest Software (FACScan; Becton Dickinson, Franklin Lakes, NJ, United States).
Cytokine and MMP Analysis in Cultured Arthritic Fibroblast-Like Synoviocytes
Arthritic FLS cells were incubated with varying concentrations of Td (0, 2.5, 5 and 10 μM) for 1 h and then stimulated with TNFα (50 ng·mL−1) for 24 h. The cells were harvested for real-time polymerase chain reaction (PCR) assay or Western blot analysis. The culture supernatants were collected for ELISA assay.
For real-time PCR assay, the total RNA was extracted using TRIzol reagent and subjected to cDNA synthesis according to the manufacturer’s instructions. Real-time PCR was performed using a SYBR Green PCR Kit (Vazyme Biotech) and run in Mastercycler ep realplex two systems (Eppendorf, Hamburg, Germany). The primer pairs for IL-1β, IL-6, TNFα, MMP-2, MMP-9, RANKL and β-actin were used as the previous descriptions (Ueland et al., 2005; Liu et al., 2018b). The expression of each target gene was normalized to the transcription level of β-actin gene.
For Western blot assay, the cells were lysed and the protein levels of MMP-2, MMP-9 and RANKL were examined by Western blot as described below.
For ELISA assay, the culture supernatants were centrifuged at 2000 rpm for 20 min to remove the particulate matter. The pro-inflammatory cytokines IL-1β, IL-6 and TNFα were determined using cytokine-specific ELISA kits according to the manufacturer’s instructions.
Collagen-Induced Arthritis
A total of 30 female Wistar rats (170–180 g, about 6–8 weeks) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All of the rats were housed under specific pathogen-free (SPF) conditions (22°C, 12 h/12 h light/dark, 50–55% humidity) and given free access to food and water. All the animal experiments were approved by the Experimental Committee of Nanjing Normal University (#2020065, approved date July 15, 2020).
The CIA model was induced as previously described (Liu et al., 2018a; Liu et al., 2018b; Qiu et al., 2018). Briefly, the rats were intradermally injected with 1 mg native chicken CII emulsified in Freund’s complete adjuvant. Seven days later, the rats were subcutaneously boosted with half the amount of CII emulsified in Freund’s incomplete adjuvant. The normal control rats were immunized with saline (n = 6). All the immunized rats developed CIA (clinical score ≥2) after a mean (±SD) interval of 14 ± 1 days. Rats with CIA were randomly divided into four groups as two Td-treated groups, MTX-treated group and vehicle-treated group (n = 6 per group). The MTX-treated group was administrated with MTX (3 mg·kg−1 body weight) every 3 days (according to clinical usage). The Td-treated groups were intraperitoneally injected with different doses of Td (5 and 15 mg·kg−1 body weight, respectively) and the vehicle-treated group was injected with 0.9% saline every day for a 14-day period. The doses of Td were determined according to the previous reports (Fujiwara et al., 2012; Dyle et al., 2014; Hu et al., 2019) with modification from our preliminary experiments. Clinical arthritic scores were evaluated using a scoring system of 0–4 for each limb: 0 = no swelling; 1 = swelling and/or redness of one to two interphalangeal joints; 2 = involvement of three to four interphalangeal joints or one larger joint; 3 = more than four joints red/swollen; 4 = severe arthritis of an entire paw. The reported arthritis score for each rat was the sum of the two hind paws. The volumes of the hind paws were measured using a volume displacement plethysmometer (YLS-7A, Facility Station of Shandong Academy of Medical Science, Shandong, China). Arthritis scoring and paw volume measurements were performed by two independent observers in a blinded manner. After a 14-days treatment, serum was collected for measurement of pro-inflammatory cytokines, ALT and AST. Joint tissues were harvested for radiographic and histopathological evaluation, cytokine and MMP analysis, and signaling pathway detection. In addition, we weighed the main organs including heart, liver, kidney, spleen and thymus, and calculated the organ coefficients, as our previous report (Liu et al., 2013). Also, the change in body weight of each individual CIA rat was calculated as the following formula: change in body weight = [(body weight of day 14 arthritis/body weight of day 1 arthritis)−1] *100%.
Radiographic Evaluation
The left hind paws were separated, fixed and exposed under X-ray (MX-20; Faxitron X-ray Corporation, Wheeling, IL, United States). Bone destruction was evaluated using a scoring system of 0–3, as the previous report (Cai et al., 2007). The radiological evaluation was carried out by two independent observers in a blinded manner.
Histopathological Assessment
After X-ray examination, the left ankle joints were decalcified in 12% ethylenediaminetetraacetic acid (EDTA) and then embedded in paraffin. Sections with a thickness of 4 μm were stained with haematoxylin and eosin (H&E). Pathological changes in inflammation, pannus formation, synovial hyperplasia, cartilage destruction and bone erosion were scored using a semi-quantitative scale, as our previous descriptions (Liu et al., 2018a; Liu et al., 2018b; Qiu et al., 2018). Histopathological analysis was recorded by two independent observers in a blinded manner.
Cytokine and MMP Analysis in Collagen-Induced Arthritis Rats
Serum was collected by centrifugation (5000 rpm for 15 min) and stored at −80°C until analysis. The levels of IL-1β, IL-6 and TNFα were measured using ELISA kits according to the standard method. In addition, serum ALT and AST were detected using commercial kits following the protocol of manufacturer’s instructions.
The right hind paws of rats were removed and homogenized, as our previous report (Liu et al., 2018a; Liu et al., 2018b; Qiu et al., 2018). The homogenates were used to detect the protein levels of IL-1β, IL-6, TNFα and MMP-9, RANKL by ELISA and Western blot, respectively. In addition, the phosphorylation changes of MAPKs (ERK, JNK and p38) and the protein level of IκBα were examined by Western blot.
Western Blot Analysis
Arthritic cells or joint tissues were homogenized in radioimmunoprecipitation assay buffer and the supernatants containing proteins were collected by centrifugation. Protein was separated by sodium dodecyl sulphate–polyacrylamide gelelectrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes. The membranes were incubated with various kinds of primary antibodies including p-JNK, JNK, p-ERK, ERK, p-p38, p38, p-IκBα, IκBα, MMP-2, MMP-9, RANKL and GAPDH. The immunoreactivity was visualized using enhanced chemiluminescence reagents (Labgic Technology) according to the manufacturer’s instructions. Three independent experiments were performed and the intensity of each band was analyzed using ImageJ software.
Confocal Microscopy for NF-κB Localization
Arthritic FLS cells were seeded on sterile cover slips in a 24-well plate and cultured overnight at 37°C. Following serum starvation, the cells were treated with Td (10 μM) for 4 h, and then stimulated with TNFα (50 ng·mL−1) for 30 min. After washing with PBS, the cells were fixed by methanol and permeabilized by 0.5% Triton-X 100. The arthritic FLS cells were blocked with 10% goat serum and then incubated with NF-κB p65 antibody. DAPI solution were used to stain cell nuclear. The nuclear translocation of p65 was imaged using a Nikon A1R resonance scanning confocal microscope with spectral detector (Nikon, Tokyo, Japan).
Statistical Analysis
All data were expressed as the mean ± SD of results obtained from three or more experiments. Multiple comparisons were performed using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc analysis. Comparisons between two groups were made using Student’s t-test. P < 0.05 was considered statistically significant.
RESULTS
Tomatidine Suppressed TNFα-Induced Proliferation and Migration of Arthritic FLSs
Arthritic FLSs are the main effector cells of RA. Inhibiting the over-activated properties of FLSs has become a potential approach to RA therapies. In this study, we firstly used an MTS assay to quantify the potential cytotoxicity of Td on FLSs. As shown in Figure 1B, up to 20 μM for 2 days treatment, arthritic FLSs did not show a significant decline in cell viability. And the calculated IC50 was 34.31 μM (Figure 1C). In the subsequent in vitro experiments, concentrations of Td used did not exceed 10 μM. We here investigated the effects of Td on TNFα-induced proliferation, migration and apoptosis in arthritic FLSs. The EdU assay showed that TNFα stimulation could dramatically enhance FLS’s proliferative potential, however, this enhancement was significantly suppressed by 5 μM Td (Figures 1D,E). The wound healing assay demonstrated that Td at doses of 2.5–10 μM could significantly and dose-dependently inhibit the migration rate of arthritic FLSs (Figures 1F,G). Since Td was able to induce apoptosis in several tumor cells (Song et al., 2018), we analyzed the apoptosis-inducing effect of Td on arthritic FLSs. As shown in Figure 1H, the given doses of Td had little effect on the apoptotic rate of arthritic FLSs, suggesting that the suppression of Td on proliferation and migration was not due to its apoptosis-inducing action.
[image: Figure 1]FIGURE 1 | Td attenuated TNFα-induced proliferation and migration of arthritic FLS in vitro. (A) The chemical structure of Td. (B,C) The viability of Td-treated arthritic FLSs was quantified using an MTS assay and the IC50 was calculated. (D,E) The EdU assay showed that Td (5 μM) significantly inhibited TNFα-induced proliferation of arthritic FLSs. ###P < 0.001 versus TNFα-untreated, Td-untreated cells; ***P < 0.001 versus TNFα-treated, Td-untreated cells. (F,G) Td dose-dependently reduced TNFα-induced migration of arthritic FLSs. Serum-starved cells were treated with various doses of Td (0, 2.5, 5 and 10 μM) for 1 h and then incubated with TNFα (50 ng·mL−1) for 24 h. The cell migration rate was measured by a wound-healing assay. ###P < 0.001 versus TNFα-untreated, Td-untreated cells; **P < 0.01 and ***P < 0.001 versus TNFα-treated, Td-untreated cells. (H) After treating with varying doses of Td (0, 2.5, 5, and 10 µM) for 24 h, the arthritic FLSs were stained with Annexin V-FITC and propidium iodide (PI). Flow cytometry was used to detect the percentage of apoptosis cells within each population.
Tomatidine Decreased the Production of Cytokines and MMP-9 in TNFα-Stimulated Arthritic FLSs
It is well known that RA is an immune-driven inflammation disease and manifests as cartilage and bone erosion occurs the later stage of the disease. Efforts should be made to inhibit the expressions of pro-inflammatory cytokines as well as genes involved cartilage and bone destruction in RA treatment. Our studies revealed that TNFα stimulation could dramatically upregulate the mRNA levels of pro-inflammatory cytokines including IL-1β, IL-6 and TNFα. However, these upregulations were significantly inhibited by Td treatment (Figure 2A). Consistent with the real-time PCR data, ELISA assay showed that the protein levels of IL-1β, IL-6 and TNFα were also decreased by Td (Figure 2B), which further confirmed the anti-inflammatory action of Td. Rheumatoid FLSs contribute to the degradation of connective tissue by secreting substantial amounts of MMPs, which results in the breakdown of cartilage destruction. In this study, the data of real-time PCR and Western blot both demonstrated that Td had no obvious effect on the expression of MMP-2 but distinctively inhibited MMP-9 production (Figures 2A,C). RANKL has been regarded as the strongest inducer in osteoclast differentiation and activity (Yasuda et al., 1998; Kobayashi et al., 2000; Liu et al., 2018a). In our study, RANKL was significantly suppressed by Td at both the mRNA and protein levels (Figures 2A,C), indicating that Td might play an important protective role in bone destruction.
[image: Figure 2]FIGURE 2 | Td decreased the production of proinflammatory cytokines, RANKL and MMP-9 in TNFα-induced arthritic FLSs. Arthritic FLSs were treated with various doses of Td (0, 2.5, 5 and 10 μM) for 1 h and then incubated with TNFα (50 ng·mL−1) for 24 h. The cells were harvested for real-time polymerase chain reaction (PCR) assay or Western blot analysis. The culture supernatants were collected for ELISA assay. (A) The total RNA was extracted and real-time PCR was performed to measure the transcripts of IL-1β, IL-6, TNFα, MMP-2, MMP-9 and RANKL. The mRNA levels of these genes were normalized to β-actin and represented as fold change over the TNFα-untreated, Td-untreated cells. n = 3, ###P < 0.001 versus TNFα-untreated, Td-untreated cells; *P < 0.05 and ***P < 0.001 versus TNFα-treated, Td-untreated cells. (B) The culture supernatants were collected and ELISA was performed to detect the protein levels of IL-1β, IL-6, TNFα. n = 3, ###P < 0.001 versus TNFα-untreated, Td-untreated cells; *P < 0.05, **P < 0.01 and ***P < 0.001 versus TNFα-treated, Td-untreated cells. (C) Western blot was performed to examine the protein expressions of MMP-2, MMP-9 and RANKL. Relative expression was determined by densitometric analysis using ImageJ software. n = 3, ###P < 0.001 versus TNFα-untreated, Td-untreated cells; *P < 0.05 and ***P < 0.001 versus TNFα-treated, Td-untreated cells.
Tomatidine Attenuated the Severity of Arthritis in CIA Rats
To assess the anti-arthritic effect of Td, a CIA model in Wistar rats was used. When the CIA model was firmly established (clinical score ≥2), Td with different doses or vehicle was intraperitoneally administrated once a day and continued for 14 days. As shown in Figure 3A, arthritis symptoms such as swelling and erythema were obviously observed in the vehicle-treated CIA rats, while Td or MTX treatment significantly attenuated the severity of the disease. Compared to MTX or 5 mg·kg−1 of Td which significantly suppressed the development of CIA, 15 mg·kg−1 of Td showed a stronger protective action as assessed by clinical score and paw swelling (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Td significantly suppressed synovial inflammation and bone destruction in CIA rats. (A) Representative photographs of the hind paws of CIA rats obtained from different groups. Clinical score (B) and hind paw volume (C) were inhibited by Td or MTX. n = 6, ###P < 0.001 versus the normal control rats; *P < 0.05, **P < 0.01 and ***P < 0.001 versus the vehicle-treated CIA rats. (D) Representative radiographs of the hind paws of CIA rats obtained from different groups. (E) Radiological scores were calculated as described in Materials and Methods section. n = 6, *P < 0.05 and ***P < 0.001.
Tomatidine Suppressed Synovial Inflammation and Bone Destruction in CIA Rats
To further confirm the therapeutic effect of Td, radiographic and histopathological assessments were performed on the rat hind paws. The X-ray images showed that the typical RA changes, such as joint destruction and joint space narrowing, appeared in the vehicle-treated CIA rats without exception (Figure 3D). However, these destructions were significantly improved in MTX- or Td-treated groups. Furthermore, this improvement was more obvious in the high-dose Td group (Figure 3E). In line with the data of radiographic scoring and the clinical scoring, H&E staining and histopathological assessment showed that Td significantly attenuated the pathological characteristics of CIA rats including inflammatory cell infiltration, synovial hyperplasia, pannus formation, cartilage erosion, and bone erosion, which further demonstrated the inhibitory effect of Td on RA (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Effects of Td on histologic changes in CIA rats. (A) Representative H&E images of ankle joints obtained from different groups. (B) Histological scores were calculated as described in Materials and Methods section. n = 6, *P < 0.05, **P < 0.01 and ***P < 0.001. B, bone; C, cartilage; J, joint space; P, pannus; S, synovium.
To evaluate the potential adverse effect of Td on CIA rats, a preliminary study was carried out to analyze the weight loss, organ indexes and serum markers of liver injury (ALT and AST). As shown in Table 1, compared to the normal control, the vehicle-treated CIA rats showed a significant weight loss. However, this weight loss was significantly suppressed by Td treatment. Except that the kidney index was decreased by Td, the other organ indexes as well as serum ALT and AST have no significant differences between the Td-treated groups and the vehicle-treated CIA group, further supporting that the given doses of Td used in this study had no significant side effects.
TABLE 1 | Effects of Td on organ indexes and serum ALT and AST in rats with collagen-induced arthritis.
[image: Table 1]Tomatidine Decreased Synthesis of Cytokines and MMP-9 in CIA Rats
We have demonstrated that, in primary arthritic FLSs, Td could inhibit the expressions of multiple pro-inflammatory cytokines. To further confirm the in vitro results, serum and joint tissues of each group were collected and the protein expressions of IL-1β, IL-6 and TNFα were examined using ELISA. As shown in Figures 5A,B, the local and systemic levels of IL-1β, IL-6 and TNFα in the Td-treated groups were much lower than those in the vehicle-treated group. In addition, compared with the vehicle-treated rats, those treated with Td had significantly decreased production of MMP-9 and RANKL (Figure 5C), which further confirmed the data from arthritic FLSs.
[image: Figure 5]FIGURE 5 | Td decreased synthesis of proinflammatory cytokines, MMP-9 and RANKL in CIA rats. (A,B) ELISA was performed to measure the protein levels of IL-1β, IL-6 and TNFα in serum and joint tissues of rats. n = 6, ###P < 0.001 versus the normal control rats; *P < 0.01, **P < 0.05 and ***P < 0.001 versus the vehicle-treated group. (C) Western blot was performed to examine the protein expression of MMP-9 and RANKL in joint tissues of rats. Relative expression was determined by densitometric analysis using ImageJ software. n = 6, ###P < 0.001 versus the normal control rats; **P < 0.01 and ***P < 0.001 versus the vehicle-treated group.
Tomatidine Inhibited TNFα-Induced MAPKs (ERK and JNK) and NF-κB Activations
To reveal the mechanisms through which Td plays an inhibitory action on CIA model and arthritic FLS cells, we used immunoblotting to examine the activations of MAPKs and NF-κB, which play vital roles in RA pathogenesis. In cultured primary arthritic FLSs, TNFα stimulation could rapidly increase the phosphorylation levels of the MAPK family members (ERK, JNK and p38) (Figures 6A,B). Td treatment significantly suppressed TNFα-induced phosphorylations of ERK and JNK but without effect on p38 (Figures 6A,B). In addition, TNFα stimulation initiated phosphorylation and degradation of IκBα. When the cells were treated with Td (10 μM), IκBα phosphorylation and degradation were both significantly suppressed (Figures 6A,B). It is well known that IκB degradation can liberate NF-κB p65 protein into the nucleus and trigger its downstream target gene expression (Makarov, 2001). Thus, we used immunofluorescence microscopy to detect the effect of Td on p65 nuclear translocation. As shown in Figure 6C, TNFα incubation for 30 min clearly promoted NF-κB p65 translocation from the cytoplasm to the nuclei. However, this translocation process was substantially blocked when the cell was treated with 10 μM Td, as evidenced by the cytoplasmic retention of p65 proteins (Figure 6C).
[image: Figure 6]FIGURE 6 | Td suppressed TNFα-induced MAPKs and NF-κB activations. (A) Arthritic FLSs were treated with or without Td (10 μM) for 4 h, and then incubated with TNFα (50 ng·mL−1) for 0, 5, 10, 20, 30 and 60 mins. Western blot was probed for p-ERK1/2, total ERK1/2, p-JNK1/2, total JNK1/2, p-p38, total p38, p-IκBα, IκBα and GAPDH. (B) The ratios of p-ERK/ERK, p-JNK/JNK, p-p38/p38, p-IκBα/GAPDH and IκBα/GAPDH were analyzed using ImageJ software. *P < 0.05, **P < 0.01 and ***P < 0.001 versus TNFα-treated, Td-untreated cells. (C) Arthritic FLSs were seeded at a density of 2 × 104/well in 24-well plates and cultured overnight. Following pre-treatment with or without Td (10 μM) for 4 h, and the cells were incubated with TNFα (50 ng·mL−1) for 30 min. The localization of p65 was fixed, stained, and visualized by immunofluorescence analysis. (D) The right hind paws were collected and joint tissue homogenates were used to measure the protein levels and phosphorylations of MAPK members (ERK, JNK and p38). Additionally, the protein level of IκBα was also detected. Relative expression was determined by densitometric analysis using ImageJ software. n = 6, ##P < 0.01 and ###P < 0.001 versus the normal control rats; **P < 0.01 and ***P < 0.001 versus the vehicle-treated group.
To confirm the in vitro results, we isolated the protein from the joint tissues of each group and examined the activations of MAPKs and NF-κB using Western blot. As expected, Td had no obvious influence on p38 phosphorylation. However Td significantly decreased the phosphorylation levels of ERK and JNK compared with the vehicle-treated group (Figure 6D). Additionally, the degradation of IκBα was also suppressed by high-dose Td treatment (Figure 6D).
DISCUSSION
Td, a steroidal alkaloid derived from the solanaceae family, has been reported to possess antioxidative, anti-inflammatory, anti-tumor, immunomodulatory and anti-osteoclastic properties (Lee et al., 2004; Chiu and Lin, 2008; Yan et al., 2013; Jeon and Kim, 2019). Based on the evidence, we reasoned that Td might exert a protective role in RA development. Indeed, this study demonstrated that Td could suppress synovial inflammatory and bone destruction through inhibiting the pathogenic behaviors of arthritic FLSs.
As the prominent cell type in synovium, FLSs play an indispensable role in establishing the complex three-dimensional synovial lining architecture. In inflamed RA synovium, FLS cells acquire and sustain uniquely aggressive properties including increasing proliferative and invasive capacity, escaping contacting inhibition and resisting apoptosis (Neidhart et al., 2003; Lahoti et al., 2014). These over-activated FLSs can autonomously drive and maintain joint inflammation through secretion of multiple pro-inflammatory mediators, directly invade and destroy articular cartilage through producing matrix metalloproteinases (MMPs), and promote bone erosion through synthesis of osteoclast differentiation factor RANKL (Takayanagi et al., 2000; Kim et al., 2009). Hence, inhibiting the pathogenic properties of FLSs may be a promising strategy for RA treatment. In this study, the in vitro and in vivo experiments provided rigorous demonstrations that Td could attenuate FLS’s destructive phenotypes. The EdU assay showed that Td significantly inhibited the proliferative potential of primary arthritic FLSs. In line with the in vitro data, the histopathological results showed that both low dose and high dose of Td could significantly suppress synovial hyperplasia in CIA rats. In addition, Td could dose-dependently reduce the migration rate of arthritic FLSs. The histopathological scores also demonstrated that the pannus formation in CIA rats was significantly suppressed by Td. MMPs, especially the members of MMP-2 and MMP-9, are well known to exert a critical role in ECM breakdown and tissues degradation (Gruber et al., 1996; Tchetverikov et al., 2004). MMP-2 is constitutively expressed in an inactive form in various cell types without being affected by pro-inflammatory mediators (Konttinen et al., 1999). However, MMP-9 is inducible by inflammatory cytokines, indicating a close relationship with synovial inflammation (Giannelli et al., 2004). In this study, Td had little effect on the production of MMP-2, however, it significantly suppressed synthesis of MMP-9. This finding was consistent with our in vivo results, which showed a protective effect of Td on cartilage erosion. In addition to MMP-9, Td also inhibited the expressions of IL-1β, IL-6 and TNFα at both the mRNA and protein levels, indicating that Td could suppress synovial inflammation. Indeed, the in vivo data showed that Td significantly attenuated inflammatory cell infiltration and inflammation response. Notably, RANKL, an essential inducer of osteoclastogenesis, was significantly down-regulated by Td. Consistent with this result, the radiographic evaluation and the histopathological analysis both verified that Td at the dosages of 5 mg·kg−1 and 15 mg·kg−1 effectively protected against bone destruction in CIA rats. The previous study reported that Td could directly inhibited osteoclast formation through modulating multiple TRAF6-mediated pathways (Hu et al., 2019). Therefore, we speculated that Td’s anti-bone erosive action might attribute to its direct inhibition on osteoclastogenesis, and an indirect inhibitory effect through decreasing RANKL expression in arthritic FLSs.
Having demonstrated that Td exerted an inhibitory action on CIA rats and arthritic FLSs, we further analyzed the possibly involved molecular mechanisms. MAPKs are well known to play essential roles in regulating multiple cellular events such as cell migration, proliferation and secretion of proinflammatory cytokines (Herlaar and Brown, 1999; Han and Sun, 2007; Bogoyevitch et al., 2010). In the over-activated RA FLSs, the three MAPK kinases (ERK, JNK and p38) showed significantly up-regulated phosphorylation and activation. Therefore, the blockage of their activations may offer promising benefits to RA treatment (Thompson and Lyons, 2005; Senolt et al., 2009). In arthritic FLSs, we found that Td had little effect on the phosphorylation of p38 but significantly attenuated TNFa-induced phosphorylation of ERK and JNK. A similar result was observed in the CIA rat model, which further confirmed the inhibition of Td on ERK and JNK pathways. Besides, Td also suppressed the activation of NF-κB, as evidenced by the downregulations of IκBα phosphorylation and degradation, and thereby inhibition of p65 nuclear translocation. These results were further demonstrated by the real-time PCR data that Td significantly inhibited the transcripts of NF-κB target genes including IL-1β, IL-6, TNFα, MMP-9 and RANKL. Taken together, these data indicated that Td might play an inhibitory action on RA via multiple targets (Figure 7), and further studies are needed to clarify its direct binding sites.
[image: Figure 7]FIGURE 7 | Schematic summarizing of the mechanism by which Td relieved the destructive behaviors of FLSs and prevented the development of CIA. In TNFα-stimulated FLSs and CIA rat model, MAPK and NF-κB signaling pathways were activated. Td treatment significantly inhibited phosphorylations of ERK and JNK. Also, NF-κB activation was suppressed via decreasing IκBα phosphorylation and degradation, and thereby inhibiting the nuclear translocation of the p65 subunit of NF-κB. Accordingly, NF-κB target genes including IL-1β, IL-6, TNFα, MMP-9 and RANKL were downregulated.
In summary, we here demonstrated for the first time that Td could inhibit the pathological properties of arthritic FLSs in vitro and protect against CIA in vivo. This inhibitory effect of Td on RA might attribute to the decreased activations of MAPKs (ERK and JNK) and NF-κB. Td has the potential to become a complementary or alternative medicine for RA therapy.
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Atopic dermatitis (AD), also known as atopic eczema, is one of the most common skin diseases and is characterized by allergic skin inflammation, redness, and itchiness and is associated with a hyperactivated type 2 immune response. The leading causes of AD include an imbalance in the immune system, genetic predisposition, or environmental factors, making the development of effective pharmacotherapies complex. Steroids are widely used to treat AD; however, they provide limited efficacy in the long term and can lead to adverse effects. Thus, novel treatments that offer durable efficacy and fewer side effects are urgently needed. Here, we investigated the therapeutic potential of Huangbai Liniment (HB), a traditional Chinese medicine, using an experimental AD mouse model, following our clinical observations of AD patients. In both AD patient and the mouse disease model, HB significantly improved the disease condition. Specifically, patients who received HB treatment on local skin lesions (3–4 times/day) showed improved resolution of inflammation. Using the 1-Chloro-2,4-dinitrobenzene (DNCB)-induced AD model in BALB/c mice, we observed that HB profoundly alleviated severe skin inflammation and relieved the itching. The dermatopathological results showed markedly reversed skin inflammation with decreased epidermal thickness and overall cellularity. Correspondingly, HB treatment largely decreased the mRNA expression of proinflammatory cytokines, including IL-1β, TNF-α, IL-17, IL-4, and IL-13, associated with declined gene expression of IL-33, ST2, and GATA3, which are connected to the type 2 immune response. In addition, HB restored immune tolerance by promoting regulatory T (TREG) cells and inhibiting the generation of TH1, TH2, and TH17 cells in vitro and in the DNCB-induced AD mouse model. For the first time, we demonstrate that HB markedly mitigates skin inflammation in AD patients and the DNCB-induced AD mouse model by reinvigorating the T cell immune balance, shedding light on the future development and application of novel HB-based therapeutics for AD.
Keywords: atopic dermatitis, huangbai liniment (HB), CD4 T cells, regulatory T (treg) cell, immunomodulation
INTRODUCTION
As the physical barrier of the host, the skin is the organ where dynamic environmental-host interactions occur to drive the host’s defense against stimuli, including microbial antigens and environmental chemicals, while abnormities in this response can lead to atopic reactions (Weidinger and Novak, 2016). Atopic dermatitis (AD), also known as atopic eczema, is a chronic allergic inflammatory skin disease that affects millions of people worldwide. Patients with AD exhibit mild to severe symptoms and often display eczematous lesions, erythema, pruritus, and skin inflammation (Leung et al., 2004; Weidinger and Novak, 2016). A proportion of AD patients also show comorbidities, including food allergies, asthma, allergic rhinitis, and other immune-mediated inflammatory diseases (Weidinger and Novak, 2016). A key pathophysiological mechanism of AD is the inappropriate immune response to antigens in the skin, which results in abnormalities of the epidermal structure and function and serious skin inflammation (Leung et al., 2004; Biedermann et al., 2015; Weidinger and Novak, 2016). Immune cells largely contribute to the development and regulation of AD, where the imbalance of CD4 T helper cell subsets is considered to be one of the major causes of the disease (Biedermann et al., 2015). Therefore, targeting the immune system imbalance is a promising approach to treat AD patients (Leung et al., 2004; Kim et al., 2019).
CD4 T helper cells play a vital role in the pathogenesis of AD. Emerging studies have shown that increased frequencies of TH1, TH2, TH17, and TH22 together with an excessive accumulation of inflammatory cytokines indispensably contribute to the onset of AD (Grewe et al., 1998; Weidinger and Novak, 2016). Specifically, the type 2 immune response and enhanced IgE response to allergens are the major factors that induce AD (Grewe et al., 1998; Weidinger and Novak, 2016). Antigen-primed TH2 cells and their associated cytokines, including IL-4, IL-5, and IL-13 induce immune dysfunction and subsequently damage cutaneous tissue integrity, leading to AD initiation (Suárez-Fariñas et al., 2011; Dainichi et al., 2018). In chronic lesions of AD, both TH2 and TH1 cells induce further cellular infiltration, while TH17 and TH22 cells play important roles in acute lesions (Nograles et al., 2009; Gittler et al., 2012). It is thus critical to inhibit the excess of these pro-AD T cell subsets to improve AD in patients. Regulatory T (TREG) cells regulate inflammation by substantially inhibiting proinflammatory T cells (Lei et al., 2015). By producing IL-10 and TGF-β, TREG cells induce immune tolerance suppressing the severity of AD (Biedermann et al., 2015). Moreover, TREG effector memory cells are reported to display the highest suppressive function (Rostaher et al., 2018; Looman et al., 2020). Furthermore, TH2-cytokine-producing type 2 innate lymphoid cells are also found in AD lesions and contribute to IL-17 dependent inflammation (Imai et al., 2013).
Although significant progress has been made in understanding AD pathogenesis, the lack of durable and well-tolerated treatments has led to significant health and economic burdens in managing AD in patients. Immunosuppressive drugs, such as steroids, are most commonly used to treat AD; however, side effects include severe immunosuppression, increased risk of opportunistic infection, and osteoporosis (Nguyen et al., 2019). Thus, novel therapeutics that can provide long-term benefits and are well tolerated in AD patients are urgently needed.
Emerging studies have demonstrated that traditional Chinese medicine provides desirable therapeutic effects in inflammatory diseases. Huangbai Liniment (HB) is a standardized medicinal product clinically prescribed for use in dermatology and wound management (Liu et al., 2020; Zhang et al., 2020). It is a compound traditional Chinese medicine that includes forsythia, honeysuckle, phellodendron, dandelion, and centipede. In clinical trials, HB has been reported to exert profound anti-inflammatory effects during wound healing in several chronic inflammatory diseases, such as diabetic foot ulcers (Liu et al., 2020; Zhang et al., 2020), ulcerative colitis (Xiao et al., 2009), and traumatic infection (Li-yun, 2016). Mechanistically, experimental and clinical data indicate that HB accelerates diabetic wound healing via activation of Nrf2 and its downstream antioxidant genes (Zhang et al., 2020). Although the protective effects of HB are reported in many mucosal damage and inflammatory diseases in clinical therapy, the therapeutic effects and mechanism of HB in ameliorating dermatitis remains unclear. In this study, we investigated the therapeutic potential of HB in controlling inflammatory dermatoses in a DNCB-induced AD mouse model following clinical observations in AD patients and found that HB markedly alleviated skin inflammation and reinvigorated TREG-induced immune balance in AD.
MATERIALS AND METHODS
Patient
Using the Hanifin and Rajka AD diagnostic guidelines and the eczema area and severity index (EASI) AD guidelines as standard, patient was selected from the diagnostic clinic of Dongzhimen Hospital for AD diagnosis. AD patient had no history or family history of allergic disease. Patient had not received steroid or immunosuppressive therapy and had no history of parasitic infection 2 weeks before the examination. The study design was approved by the Ethics committee of Beijing University of Chinese Medicine (NO. ECSL-BDY-2012-45-01). Written informed consent was obtained from patient included in the study.
Animals
All experimental 6–8 week-old BALB/c female mice were purchased from Vital River Laboratories (VRL, Beijing, China), and maintained at the Shandong Analysis and Test Center at a controlled temperature of 23 °C ± 2°C, and a humidity of 50 ± 10%. All animal work was in accordance with protocols approved by the Animal Experimentation Ethics committee of Shandong Analysis and Test Center (NO. ECAESDATC-2018-010) and followed the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines.
Reagents
The HB (lot number: 18010111) used in this study was supplied by Shandong Hanfang Pharmaceutical Co., Ltd (Chinese medicine character: Z10950097). Hydrocortisone butyrate cream and 2, 4-Dinitrochlorobenzene (DNCB) were purchased from Jinyao Medical & Pharmaceutical Company Ltd. and Shanghai Chemical Reagent Company Ltd., respectively. The mouse antibodies against specific antigens used in flow cytometry analysis were purchased from BD Biosciences (San Jose, CA, United States) or BioLegend (San Diego, CA, United States). Recombinant murine IL-1β, IL-2, IL-4, IL-6, TGF-β, and IL-12 were purchased from PeproTech (Rocky Hill, NJ, United States). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO, United States).
Experimental 1-Chloro-2,4-Dinitrobenzene-Induced AD Mouse Model
For induction of AD-like skin lesions in an experimental mouse model, mice were topically sensitized with 100 μl of 1% DNCB, diluted in a 4:1 mixture of acetone and olive oil, on shaved dorsal skin three times a week. From day five, mice were challenged with 0.4% DNCB on the dorsal skin (100 μl) and right ear (10 μl) every 3 days. The HB or hydrocortisone was applied by hydropathic compress on treatment group mice twice a day for 20 days (400 μl/day), and the control animals received the same volume of phosphate-buffered saline (PBS). At the end of the model construction, ear thickness measurements were performed with dial calipers as previously described (KimKim et al., 2013; Kim et al., 2014). For behavioral assessments, mice were acclimated to the recording cage and then evaluated for their scratching behavior. Total numbers of scratching bout per 10 min were record manually by an assessor who was blind to the experimental design. One scratching bout was defined as one instance of lifting the forepaw from the floor, scratching, and returning the paw to the floor or placing the paw around the animal’s mouth (Oetjen et al., 2017). The severity of dermatitis was evaluated according to symptoms, including scaling, erythema, erosion, and edema. Each symptom was scored as 0 (no symptom), 1 (mild), 2 (moderate), or 3 (severe). After 20 days, at the end of the DNCB treatment, murine ear skin tissues and dorsal skin tissues were fixed in 4% paraformaldehyde (PFA) and subjected to histopathological analysis and other related experiments. Representative data are from one of three independent experiments (n ≥ 5 in each group).
Skin Histology
Dorsal skin tissues were fully fixed with 4% paraformaldehyde at the endpoint before embedding in paraffin, sectioning, and staining with hematoxylin and eosin (H&E). Morphological evaluation of inflammatory infiltrates, and structural alterations were determined at a magnification of ×200 or ×50. To score the skin histopathology, inflammatory cell infiltration, epidermal thickness, and hair follicles were assessed blind-based using a five-point grading system and evaluated by blind scoring from 1 to 5, resulting in an average pathology score for each section. The infiltrated cells and the thickness of the epidermis or dermis were measured. Five randomized fields were counted for each section slide and calculated from five animals. All histology results were measured by blind evaluation.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was purified from skin tissue using TRIzol reagent (Invitrogen), and cDNA was synthesized from a total of 5 μg of RNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) and amplified using qPCR according to the manufacturer’s instructions. All qPCRs were run on the Roche real-time system using SYBR Green Master Mix (Roche) and normalized with β-Actin. The sequences of the primers used for qPCR are shown in Table 1.
TABLE 1 | Sequences of qPCR primers.
[image: Table 1]In vitro Polarization
Naïve CD4+ T cells were sorted from the spleens of healthy female 8 week-old BALB/c mice using a flow cytometer (BD FACS Aria III, BD Biosciences). The purity of the naïve CD4+ T cells was >98%. Sorted naïve CD4+ T cells (50,000 cells per well) were cultured in a 96-well culture plate pre-coated with anti-CD3 (5 μg/ml) and anti-CD28 (5 μg/ml) and polarized under TH1 (IL-2 20 ng/ml, anti-IL-4 10 μg/ml and IL-12 20 ng/ml), TH2 (IL-2 20 ng/ml, anti-IFN-γ 10 μg/ml, anti-IL-12 10 μg/ml, and IL-4 20 ng/ml), TH17 (IL-2 20 ng/ml, IL-6 50 ng/ml, TGF-β 1ng/ml, IL-1β 10 ng/ml, anti-IL-4 10 μg/ml, and anti-IFN-γ 10 μg/ml), or TREG cell (IL-2 20 ng/ml and TGF-β 2 ng/ml) differentiation conditions with or without 1/1000 H B for 4 days.
MTT Assay
Sorted naïve CD4+ T cells were cultured with 20 ng/ml IL-2 with or without 1/1000 HB for 2 days, MTT solution was then added, and the sorted cells were incubated in the dark. After a 6 h incubation, solubilization buffer (10% SDS in 0.01 M HCl) was added, and the cells were cultured overnight. Cell proliferation was measured at an OD value of 570 nm.
Flow Cytometry
Mouse splenocytes were stained with Fc-receptor blocking antibodies (clone 2.4G2, 1:100 dilution, BD Biosciences) for 10 min on ice to block non-specific staining. For surface staining, cells were washed once with PBS containing 2% heat-inactivated fetal bovine serum (FBS, Gibco) and stained in an appropriately diluted antibody solution for 40 min at 4 C. Dead cells were excluded after staining with 7-amino-actinomycin D (7-AAD, BioLegend). For intracellular staining of cytokines, PMA and ionomycin stimulated cells were washed once after surface staining and permeabilized using Cytofix/Cytoperm (BD Biosciences) for 40 min on ice. The antibodies were diluted in Perm/Wash Buffer (BD), and stained in an appropriately diluted antibody solution for 1 h at 4 C. For intranuclear staining of transcription factors, cells were washed once after surface staining and permeabilized using Foxp3/Transcription Factor Staining Buffer Set (eBioscience) for 40 min on ice. The specific antibodies were diluted in Fixation/Permeabilization buffer (eBioscience) and incubated for 1 h at 4 C. Data were collected on a BD FACS Aria III flow cytometer (BD Biosciences) and analyzed using FlowJo (BD Biosciences) software. Antibody information is presented in Table 2.
TABLE 2 | Antibodies for FACS staining of mouse cells.
[image: Table 2]Statistical Analysis
All data are expressed as Standard Error of the Mean (SEM) and are representative of three independent experiments. In the heatmap diagram, Z-score is measured in terms of standard deviations from the mean. The z-score is calculated by subtracting the population mean from the raw score, then dividing the difference by the population standard deviation. Groups were compared using unpaired Student’s t-tests and one-way analysis of variance (ANOVA). Differences were considered to be statistically significant at p < 0.05.
RESULTS
Huangbai Liniment Ameliorates Dermatitis in AD Patient and a 1-Chloro-2,4-Dinitrobenzene-Induced AD Mouse Model
HB is a common dermatological medicinal product clinically prescribed to treat allergic contact dermatitis and eczema (Li and Gong, 2014; Yao and Zhao, 2014); however, its mechanism remains unclear. To evaluate the clinical efficacy and safety of HB in the treatment of AD, we locally applied hydropathic compresses of HB on lesioned skin of an AD patient. The AD patient presented with features of skin inflammation, including pruritus, erythema exudativum, and a mixed dermal inflammatory infiltrate around the head and neck region. The EASI score was around 13, and the lesion area was approximately 30–40% (Table 3). Several treatments had previously failed, and the patient had not received steroid or immunosuppressive therapy. The hydropathic compress of HB was administered to the lesioned skin region of the patient 3 times a day for 15 days. After the treatment, the AD patient showed marked improvement in AD clinical characteristics, including lessened random redness and limited itch symptoms (Figure 1A). These findings suggested that HB could be beneficial to patients with chronic skin inflammation who might be resistant to conventional treatments.
TABLE 3 | Baseline and clinical characteristics of patient with AD.
[image: Table 3][image: Figure 1]FIGURE 1 | HB ameliorates the symptoms of AD in clinical AD patient and mice. (A) HB was topically applied to a patient with AD 3 times a day for a continuous 15 days. Representative image of dermatitis on the patient before and after treatment with HB. After HB application, the eczema on the skin of the AD patient’s neck was obviously ameliorated and the skin condition altered. (B) Schematic for (C–F). Mice were sensitized with 1% DNCB on dorsal skin at days 0 and 3 and then challenged with 0.4% DNCB on the dorsum of ears at 3 day intervals from days 5 to 20. HB, 10X HB (a 10-fold concentration of HB), hydrocortisone, or PBS was topically applied daily to the dorsal skin of the DNCB-induced mice. (C) Representative images of dorsal skins and ears in each group. The severity of AD was evaluated, and statistics are shown in (D). (E,F) The amount of scratching and ear thicknesses were recorded at the endpoint, and statistics are shown. Each dot represents one mouse from one of three independent experiments, and bars indicate mean values. Statistical significance was determined by one-way ANOVA, *p < 0.05, **p < 0.01.
To investigate the underlying mechanism of HB on AD, a DNCB-induced AD mouse model was used (Figure 1B). Following DNCB treatment, the ears of the mice became red and swollen, and the dorsal skin showed severe erosion, erythema, and dryness. A variety of skin inflammation parameters and pathology were compared at the endpoint of the DNCB-induced AD mouse model. Interestingly, we found these atopic skin lesions were markedly attenuated by HB and 10-fold concentrated HB. The efficiency of HB was comparable with hydrocortisone, a common steroid medicine, which is widely used in the treatment of different dermatitis types (Figure 1C). Consistent with the photographic images of the skin lesions of the AD patient, the dorsal skin of the mice had obviously relieved edema, redness, and erosion following HB treatment (Figure 1D). HB also suppressed scratching behavior due to defused itching and skin lesions in the DNCB-induced AD mouse model group (Figure 1E, Supplementary Figure S1A) and ear thickness was also significantly thinner than in the DNCB-induced AD mouse model group (Figure 1F, Supplementary Figure S1B). Together, these results demonstrate that HB profoundly ameliorated the clinical symptoms of AD in mice.
Huangbai Liniment Improves Symptoms of AD Through the Inhibition of Local Inflammatory Cytokines and Allergic Reactions
The improvements in the atopic symptoms of mice in the DNCB-induced AD mouse model group following HB and conventional hydrocortisone treatments were confirmed by morphological analysis of H&E-stained sections from damaged dorsal skin at the endpoint (Figure 2A). The DNCB-induced AD mouse model group exhibited the typical microscopic characteristics of dermatitis, such as hyperkeratosis, thickened epidermal tissue, and immune cell infiltration. However, in skin tissue from HB and 10-fold concentrated HB treated mice, the epidermal and dermal tissues were markedly thinner than tissue from untreated mice. Furthermore, the infiltration of inflammatory cells was also significantly reduced by HB treatment (Figures 2B–E). Accordingly, the pathology score, mRNA expression of inflammation, and the type 2 cytokine-related genes, including IL-1β, TNF-α, IL-17A, IFN-γ, IL-4, IL-13, and IL-33, were largely downregulated by HB treatment. In contrast, HB increased the expression of anti-inflammatory cytokine IL-10 (Figure 2F). Moreover, the mRNA expression of TH2 and TH17 classical transcription factors, GATA3 and RORγt, were suppressed in HB-treated mice compared with untreated mice (Figures 2F,G). Collectively, these data suggest that HB improves AD and largely rescues the excessive expression of cytokines critical for skin inflammation and the atopic response.
[image: Figure 2]FIGURE 2 | HB reduces AD-like skin inflammation and the type 2 immune response induced by DNCB in mice. Mice were sensitized with 1% DNCB on dorsal skin at days 0 and 3 and then challenged with 0.4% DNCB on the dorsum of both ears at 3 day intervals from days 5 to 20. HB, 10X HB (a 10-fold concentration of HB), hydrocortisone, or PBS was topically applied daily to the dorsal skin of these DNCB-induced mice. (A) Histopathology of mouse dorsal skin tissue was evaluated by H&E staining (scale bars, 50 or 200 μM). Representative images in each group are shown. Pathology scores were blindly evaluated, and statistics are shown in (B). (C–E) ImagePro10 software was used to measure and calculate epidermal thickness (C), dermal thickness (D), and number of infiltrated cells (E). (F) Gene expression in skin tissue from five individual mice in each group, measured by qPCR and shown in a heatmap. Blue represents low expression, and red represents high expression of each inflammatory gene compared between three groups, with Row Z-Score (−2–2). (G) Type 2 cytokines and transcription factors in skin tissues were measured by qPCR. Each dot represents one mouse from one of three independent experiments, and bars indicate mean values. Statistical significance was determined by one-way ANOVA, *p < 0.05, **p < 0.01.
Huangbai Liniment Relieves Skin Inflammation by Modulating the Immune Balance of TH17/TREG Cells
To clarify the underlying mechanism of HB-based immunomodulation, we analyzed mouse splenocytes in different treatment groups using multi-color flow cytometry to characterize the phenotype of CD4+ T cell subsets in DNCB-induced skin inflammation. We established gating strategies based on the key cytokines produced by each cell type to evaluate the different CD4+ T cell subsets (Figure 3A). Intriguingly, we found altered frequencies of CD4+ T cells in the different groups. Specifically, HB treatment reduced the frequency of CD4+ T cells that were substantially reduced in the DNCB-induced AD mouse model group (Figure 3B), while no difference was observed in the frequencies of CD8+ T cells (Figure 3C), which led to an increased CD4/CD8 ratio in the DNCB-induced AD mouse model group after HB treatment (Figure 3D). Furthermore, using the gating strategy of naïve (CD25−CD62L+CD44low), effector memory (CD25−CD62LlowCD44+), TREG cells (CD25+Foxp3+) CD4+T cells (Figure 3A), we noted a comparable frequency of naïve CD4 T cells (Figure 3E), but a significant reduction in effector memory CD4 T cells in HB-treated mice compared with untreated mice (Figure 3F). TREG cells have been shown to control excessive T cell responses in inflammation, atopic responses, and AD-like inflammation (Ou et al., 2004; Fyhrquist et al., 2012). Interestingly, we also noticed that HB increased the frequency of TREG cells in the DNCB-induced AD mouse model group, which partially constituted the underlying mechanisms of HB-induced improvement of skin inflammation in our DNCB-induced AD mouse model (Figure 3H).
[image: Figure 3]FIGURE 3 | HB relieves skin inflammation by downregulation of the TH17/TREG ratio. Mice were sensitized with 1% DNCB on dorsal skin at days 0 and 3, and then challenged with 0.4% DNCB on the dorsum of both ears at 3 day intervals from days 5 to 20. HB, 10X HB (a 10-fold concentration of HB), hydrocortisone, or PBS, was topically applied daily to the dorsal skin of the DNCB-induced mice. Splenocytes of AD model mice treated with PBS, HB, 10X HB, and hydrocortisone were isolated and stained using immunofluorescence antibodies. (A) Gating strategy for different T cell subsets. (B,C) Statistical analysis of the frequencies of B220−CD3+CD4+ T cells (B) and B220−CD3+CD8+ T cells (C) in different groups. (D) CD4/CD8 ratio. (E–J) Statistical analysis showing the differences in the frequencies of naïve (E) and effector memory (F) CD4 T cells and TREG(G), TH1 (H), TH2 (I), and TH17 (J) cells. (K) The TH17/TREG ratio was calculated to show the differences in different groups. Each dot represents one mouse from one of three independent experiments, and bars indicate mean values. Statistical significance was determined by one-way ANOVA, *p < 0.05, **p < 0.01.
Effector CD4+ T cells are known to contribute to the pathology of AD. TH1, TH2, and TH17 are examined by gating on CD25−CD4+CD44+ T cells and through the expression of their signature cytokines (TH1: IFN-γ+CD44+; TH2: IL-4+CD44+; TH17: IL-17A+CD44+). We found that HB treatment reduced the frequency of TH17 and slightly suppressed the TH1 subset in the DNCB-induced AD mouse model group (Figures 3I,K). Comparable frequencies were observed for TH2 cells in untreated and HB-treated mice (Figure 3J). TH17/TREG imbalance is widely reported in autoimmune, inflammatory, and allergic diseases (Ma et al., 2014). We next analyzed the percentage of TH17 and TREG cells in different mouse groups. The ratio of TH17/TREG was compared between untreated and HB-treated mice, and a significant reduction in the ratio was noticed in HB-treated mice (Figure 3L). Taken together, we reveal that HB treatment plays an important role in controlling AD-like inflammation by potentiating TREG cells while reducing TH17 cells in vivo.
Huangbai Liniment Directly Promotes TREG Cells and Inhibits Effector T Cell Subsets in vitro
To further evaluate whether HB can directly affect the differentiation of different T cell subsets, we in vitro polarized purified naïve CD4+ T cells into TH1, TH2, TH17, and TREG cells and added HB to the cell culture (Figure 4A). Based on the cell survival data, HB did not affect the survival of naive CD4+ T cells when cultured in TH0 conditions for 48 h (Figure 4B). In line with the in vivo data, we found that HB directly suppressed the generation of TH1, TH2, and TH17 cells and promoted TREG differentiation in cell culture with altered cell proliferation indicated by Ki67 (Figures 4C–F). This mechanistic evidence indicates that HB directly promotes TREG cells while largely inhibiting the generation of TH1 and TH17 cells.
[image: Figure 4]FIGURE 4 | HB directly potentiates regulatory T cell activation and depresses inflammatory cells in vitro. (A) Schematic in vitro experiments. Naïve CD4 T cells, derived from mouse splenocytes, were sorted by flow cytometry and polarized under different culture conditions with or without 1/1000 HB for 4 days. (B) Survival analysis of HB for naïve CD4 cells was performed using an MTT assay after 48 h of culture with or without 1/1000 H B. (C–F) Representative FACS plots and statistical analysis of in vitro polarized TH1 (C), TH2 (D), TH17 (E), and TREG(F) cells with or without HB treatment. Histogram plots and statistical analysis indicated the changes in Ki67 in different CD4 subsets after HB treatment. Each dot represents one mouse from one of three independent experiments, and bars indicate mean values. Statistical significance was determined by Student’s t-test, *p < 0.05, **p < 0.01.
DISCUSSION
AD is a chronic relapsing inflammatory skin disease characterized by an impaired immune response (Auriemma et al., 2013). The relapsing and persistent itch triggers a self-perpetuating itch-scratch cycle, which can have a significant impact on the patient’s quality of life, and effective treatments are limited (Oetjen et al., 2017). HB was reported to have therapeutic effects on different types of inflammation in patients, especially in those patients with eczema (Li and Gong, 2014; Yao and Zhao, 2014; Li-yun, 2016). However, it is unknown whether HB could be used to treat skin inflammation, such as AD, and if so, what are the underlying mechanisms of HB-mediated anti-inflammatory effects. In this study, we first examined the therapeutic potential of HB in a patient with AD and found that HB profoundly mitigated skin inflammation in the patient. Further, we investigated the therapeutic effects of HB on DNCB-induced AD in mice and examined its immune-modulative effects on CD4+ T cell subsets. In mice with DNCB-induced AD, HB markedly alleviated skin inflammation and inhibited proinflammatory immune responses mediated by Th1 and Th17 cells. This evidence suggests that HB effectively mitigates skin inflammation in mice with DNCB-induced AD by restoring the balance of the CD4+ T cell response. Our study also provides insights for the future development and application of HB-based immune-modulation of AD.
Type 2 cytokines, such as IL-4, IL-5, and IL-13 coordinate inflammatory and atopic responses in AD (Bieber, 2010). In our study, we found that HB markedly suppressed mRNA expression of IL-4, IL-13, and the transcription factor GATA3 known to drive immune cells to produce a type 2 immune response in dermatitis skin tissue. IL-33 and its receptor ST2 are strongly associated with the development of AD disease triggered by allergen exposure, irritants, scratching, and the bacterial and viral infections seen in this condition (Savinko et al., 2012). We noticed that that HB inhibits DNCB-induced IL-33 and ST2 mRNA levels in dermatitis skin tissue. Because ST2 is also expressed on innate lymphoid cells, such as ILC2 cells that are known to synergize with TH2 cells to induce type 2 inflammation (Artis and Spits, 2015; Eberl et al., 2015; Zhou et al., 2021), it will be interesting in future studies to know whether HB could directly regulate ILC2s to control skin inflammation in AD mouse models and patients. IFN-γ mRNA and protein were highly expressed in eczematous skin in the vast percentage of AD patients (Leung et al., 2011; Weidinger and Novak, 2016). More importantly, the in situ expression of IFN-γ decreased with the successful treatment of AD patients (Grewe et al., 1998). We also found that HB could largely reduce the mRNA expression of IFN-γ in skin tissue from mice with DNCB-induced AD. Together, our data indicate that HB suppresses the overall production of inflammatory cytokines in the skin of mice with DNCB-induced AD-like inflammation.
An imbalanced immune response is one of the major causes of AD. An excessive accumulation of activated T lymphocytes in the skin drives severe inflammation and induces destruction of the skin tissue integrity. Several effector subsets of CD4 T cells have been identified as potent regulators of AD pathogenesis, including TH1, TH2, TH17, and TREG cells (Grewe et al., 1998; Martel et al., 2016). We found that HB treatment restored the CD4/CD8 T cell ratio in mice with DNCB-induced AD-like inflammation. Our data also suggested that DNCB-induced AD-like inflammation in mice was associated with reduced naïve cells and increased effector memory CD4+ T cells, and this imbalance was largely rescued after HB treatment. Activated TH2 cells prominently mediated the development of AD-like skin inflammation, manifesting as enhanced IgE-mediated sensitization and eosinophil infiltration (Bieber, 2010). Other effector T cell subsets, such as proinflammatory cells TH1, TH9, TH17, and TH22, produced a large number of proinflammatory cytokines, including IFN-γ, IL-9, IL-17, and IL-22, driving the development of AD. This promotion of effector CD4+ T cells was often associated with a decline in the presence of TREG cells that are essential for immune tolerance and control of inflammation in AD (Auriemma et al., 2013). Our study further revealed that HB could potentiate TREG cells while suppressing other effector CD4+ T cell subsets both in vivo and in vitro, which at least partially constituted the mechanisms of HB-mediated improvement in AD.
Th17 cells are critical for the development of AD (Koga et al., 2008). The frequency of IL-17-producing CD4+T cells in AD patients is increased and associated with AD severity (Esaki et al., 2016). In addition, IL-17 was reported to trigger the production of IL-4 by TH2 cells (Milovanovic et al., 2010). Mice lacking IL-17A exhibited reduced dermatitis together with less IL-4 and IgE production (Milovanovic et al., 2010). In line with these reports, our study showed that the frequency of Th17 cells was drastically reduced by HB in vitro and in vivo. The local expression of Th17-related cytokines and transcription factors were also shown to be suppressed by qPCR. These findings support the notion that HB directly regulates the differentiation of TH17 cells, could have immune-modulative effects in other inflammatory diseases and might be beneficial in controlling lesioned skin of sclerosis (Ahmed et al., 2019) or psoriasis, which are largely IL-17-driven diseases (Noda et al., 2015).
Interestingly, TH17 and T follicular helper (TFH) cells produce IL-21, which promotes TH17 cell differentiation (Ouyang et al., 2008; Gong et al., 2019), and IL-21 is increased in AD lesions in humans and mice (Jin et al., 2009). Moreover, IL-21 suppresses the production of IgE and possesses anti-inflammatory effects (Ozaki et al., 2002). The administration of IL-21 not only reduces the frequency of TH2 cells but also suppresses the secretion of TH2-associated cytokines, such as IL-4, IL-5, and IL-13 (Lin et al., 2015). Additionally, TFH cells predominantly produce IL-2, IL-4 and IL-21 in B cell follicles and closely regulate antibody class-switching in severe inflammatory and allergic diseases, including AD, asthma, and COVID-19-induced airway inflammation (Yao et al., 2018; Crotty, 2019; Gong et al., 2019; Papillion et al., 2019; Yao et al., 2019; Zhou et al., 2019; Gong et al., 2020). Further, circulating TFH cells are associated with disease severity in children with AD (Gong et al., 2019; Marschall et al., 2021). These accumulating findings indicate the importance of TFH cells in the context of AD and other inflammatory diseases. It is thus of interest to know whether HB treatment also regulates TFH cells in the context of AD in the DNCB-induced AD mouse model and patients.
In contrast to the reduction in proinflammatory CD4+ T cell subsets, HB enhanced TREG cells in vivo and in vitro. In addition to the TH1/TH2 paradigm, the imbalance of TREG and TH17 cells is another cardinal mechanism in AD pathogenesis (Ma et al., 2014). Our data importantly showed that HB potently restored this imbalance in mice with DNCB-induced AD. Future studies should further demonstrate the potential molecular insights underlying HB-mediated direct regulation of TREG cells and other effector CD4+ T cell subsets, including but not limited to transcriptional regulation, epigenetic changes, and metabolic alterations.
In summary, our findings indicate that HB treatment improves AD in patients and can ameliorate skin inflammation in mice with DNCB-induced AD. HB profoundly reduced the expression of proinflammatory cytokines, including IL-1β, IL-4, IFN-γ, IL-13, and IL-17, and increased the expression of anti-inflammatory cytokine IL-10. Furthermore, we demonstrated that HB reduced skin inflammation and inhibited TH17 cells while promoting TREG cells. In line with in vivo data, HB directly inhibited TH1, TH2, and TH17 differentiation and promoted TREG polarization in vitro. Altogether, this study provides mechanistic insights into HB-mediated amelioration of AD through the restoration of CD4+ T cells and sheds light on the broad use of HB in treating inflammatory diseases.
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Chronic inflammation in response to persistent exogenous stimuli or damage results in liver fibrosis, which subsequently progresses into malignant liver diseases with high morbidity and mortality. Ferulic acid (FA) is a phenolic acid widely isolated from abundant plants and exhibits multiple biological activities including anti-oxidant, anti-inflammation and enhancement of immune responses. Adenosine monophosphate-activated protein kinase (AMPK) functions as a critical energy sensor and is regulated through the phosphorylation of liver kinases like LKB1 or dephosphorylation by protein tyrosine phosphatases (PTPs). However, the role of FA in carbon tetrachloride (CCl4)-induced chronic inflammation and liver fibrosis and AMPK activation has not been elucidated. Here we reported that FA ameliorated CCl4-induced inflammation and fibrotic liver damage in mice as indicated by reduced levels of serum liver function enzyme activities and decreased expression of genes and proteins associated with fibrogenesis. Additionally, FA inhibited hepatic oxidative stress, macrophage activation and HSC activation via AMPK phosphorylation in different liver cells. Mechanically, without the participation of LKB1, FA-induced anti-inflammatory and anti-fibrotic effects were abrogated by a specific AMPK inhibitor, compound C. Combining with the results of molecular docking, surface plasmon resonance and co-immunoprecipitation assays, we further demonstrated that FA directly bound to and inhibited PTP1B, an enzyme responsible for dephosphorylating key protein kinases, and eventually leading to the phosphorylation of AMPK. In summary, our results indicated that FA alleviated oxidative stress, hepatic inflammation and fibrotic response in livers through PTP1B-AMPK signaling pathways. Taken together, we provide novel insights into the potential of FA as a natural product-derived therapeutic agent for the treatment of fibrotic liver injury.
Keywords: ferulic acid, AMPK, PTP1B, oxidative stress, inflammation, liver fibrosis
INTRODUCTION
Liver fibrosis is a dynamic process leading to inflammatory cascades, excessive deposition of extracellular matrix (ECM) and the formation of fibrous scars. With persistent inflammatory stimuli or exogenous damage, liver fibrosis is becoming a leading cause of cirrhosis and hepatocellular carcinoma with high morbidity and mortality (Kisseleva, 2017). Underlying etiologies in fibrotic liver injury comprise but not limited to viral infection, alcoholic or nonalcoholic steatohepatitis, oxidative stress and exogenous noxious stimuli (Parola and Pinzani, 2019). Meanwhile, liver fibrosis is not a single-target disease and its progression is attributed to the highly active crosstalk between several liver cell types, including hepatocytes, macrophages and hepatic stellate cells (HSCs). Although liver fibrosis is theoretically reversible, numerous attempts have failed due to a narrow therapeutic window, limited therapeutic efficacy or undesired severe adverse effects.
Adenosine monophosphate-activated protein kinase (AMPK), an obligate heterotrimer composed of three subunits (α, β, and γ), is regarded as a critical cellular energy sensor that controls energy expenditure and storage. Besides the reduced adenosine triphosphate (ATP)/adenosine diphosphate (ADP) ratio caused by any cellular stress (Li et al., 2015), the phosphorylation of extracellular-signal-regulated protein kinase 1/2 (ERK1/2) and liver kinase B1 (LKB1) are the major upstream signal cascades of AMPK activation (Li et al., 2017). It has long been conceived that AMPK is critical for maintaining normal hepatic physiological functions and its activity is decreased during several liver diseases. The activation of AMPKα1 upregulated cyclin A2 transcription, promoted hepatocyte proliferation and eventually restored the liver mass after partial hepatectomy (Merlen et al., 2014). On the other side, once the activation of AMPK was decreased, pro-apoptotic caspase-6 cleaved Bid to induce cytochrome c release that led to hepatocyte damage and fibrotic liver injury (Zhao et al., 2020). Most recently, Qian Lin et al. constructed liver-specific AMPK knockout mice and investigated the specific role of phosphorylated AMPK in fibrotic steatohepatitis. The hepatic depletion of AMPK completely disrupted hepatic lipid metabolism, triggered inflammatory response and aggregated liver fibrosis in a western diet-induced liver steatotic mouse model (Lin et al., 2020). Collectively, considering the vital role that AMPK plays in the progression of fibrotic liver injury, the identification of novel drugs targeting AMPK is urgently needed.
Mechanisms involved in AMPK activation include activating upstream kinases of AMPK or inactivating dephosphorylated kinases that control the activation of AMPK. The aberrant interplay between protein-tyrosine phosphatases (PTPs), responsible for protein dephosphorylation, and tyrosine kinases affects the function of multiple proteins, disrupts the normal liver function and impacts the progression of chronic liver diseases (Rubio et al., 2020). PTP1B is one of the most critical members of PTPs family and expresses in multiple hepatic cells. Studies revealed that PTP1B has become an effective target for the therapeutic intervention of hepatic injury and lipid metabolism disorders (Mobasher et al., 2013; Hu et al., 2021). Recently, researches concerning the role of PTP1B in fibrotic liver injury have stepped into a new stage. Specific liver-knockout of PTP1B protected mice from chronic alcohol plus binge-induced oxidative stress, liver fibrosis and inflammation via the inhibition of nuclear factor kappa B (NF-κB) and reduction of nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2) and NOX4 expression (Hsu et al., 2020). Consistent with prior findings, PTP1B overexpression notably hindered the inactivation of HSC-T6 cells, as manifested by restoring the levels of collagen 1 (COL1) and alpha-smooth muscle actin (α-SMA) (Chen et al., 2016). However, whether hepatic PTP1B influences hepatic inflammation and liver fibrosis through the phosphorylation of AMPK and potential PTP1B inhibitors are suitable for treating fibrotic liver injury remain to be identified.
Ferulic acid (3-methoxy-4-hydroxycinnamic acid, FA) is a phenolic acid widely distributed in abundant grains, vegetables and plants such as Angelicae Sinensis Radix, Ligusticum Chuanxiong Rhizoma and Cimicifuga racemose (Oliveira et al., 2019). It also exhibits a broad spectrum of biological activities, including repairing mitochondrial dysfunction (Luo et al., 2020), anti-oxidant (Xie et al., 2020), enhancement of immune function (Kohno et al., 2020) and preventing epithelial-mesenchymal transition (Ali et al., 2021). Several recent studies further provided evidence for the hepatoprotective effects of FA. Administration of FA improved lipid metabolism and hepatic inflammation in apolipoprotein E-deficient mice fed with high fat diet (HFD) by upregulating AMPKα and downregulating lipogenic genes (Gu et al., 2021). FA also offered significant therapeutic benefits for oxidative stress and liver injury depending on its ability to activate Nrf2/HO-1 and PPARγ pathways (Mahmoud et al., 2020). In addition, FA significantly alleviated septic liver injury through the GSK-3β/NF-κB/CREB pathway both in vivo and in vivo (Cao et al., 2021). Moreover, it could prevent acetaminophen-induced inflammatory response in livers through the inhibition of TLR4/NF-κB signalings (Yuan et al., 2016). Up to now, relevant studies only preliminarily verified the protective effects of FA using western diet- or toxins-induced mouse models but was still lack of in-depth investigation on mechanism (Mu et al., 2018; Gu et al., 2021). Therefore, the protective effects of FA against fibrotic liver injury and the potential mechanisms involved need to be clarified and is the purpose of this study.
In the current study, we inspected the effects of FA on carbon tetrachloride (CCl4)-induced fibrotic mouse model and in different drugs-stimulated liver cells. Our findings indicated that FA prevented all histological alterations, suppressed hepatic oxidative stress, inflammatory response, macrophage activation and HSC activation by phosphorylating AMPK. We also demonstrated that FA directly bound to PTP1B, suppressed its enzyme activity rather than its expression and subsequently contributed to AMPK activation.
MATERIALS AND METHODS
Materials
FA and methyl ferulate (MF) were purchased from Innochem Technology Co., Ltd. (Beijing, China). Compound C (CC) was purchased from Selleck Chemicals (Shanghai, China). CCl4 and all cell culture supplemental components were purchased from Sigma-Aldrich (St. Louis, United States). HiScript III RT SuperMix cDNA reverse transcription Kits (R323-01) and AceQTM Universal SYBR qPCR Master Mix (Q511-02) were obtained from Vazyme Biotech (Nanjing, China). Antibodies against p-ERK1/2 (sc-7383), ERK1 (sc-271269), ERK2 (sc-81457), LKB1 (sc-32245) were purchased from Santa Cruz Biotechnology (Santa Cruz, United States). Antibodies against p-AMPK (ab23875), AMPK (ab131512) and p-LKB1 (ab63473) were from Abcam (Cambridge, United States). Antibodies against ALB (4929S), β-actin (4970S) and normal rabbit IgG (2729S) were obtained from Cell Signaling Technology (Danvers, United States). Antibodies against PTP1B (11334-1-AP) and FIBRONENCTIN (FN) (15613-1-AP) were purchased from Proteintech Group, Inc (Rosemont, United States). Goat anti-rabbit IgG-HRP (abs20040) and goat anti-mouse IgG-HRP (abs20039) were obtained from Absin Bioscience (Shanghai, China). Protein A/G-PLUS agarose beads (sc-2003) was purchased from Santa Cruz Biotechnology (Santa Cruz, United States).
Isolation and Culture of Mouse Primary Hepatocytes
Mouse primary hepatocytes (MPHs) were isolated according to a method of two-step collagenase digestion and seeded into collagen pre-coated cell dishes as previously described (Li et al., 2018). After 4 h attachment, MPHs were cultured with William’s E medium supplemented with penicillin G (100 U/ml), streptomycin (100 μg/ml), dexamethasone (0.1 μM) and thyroxine (0.1 μM) for further experiments.
Cell Culture and Treatment
RAW 264.7 cells and LX-2 cells were obtained from ATCC and cultured with Dulbecco’s modified Eagle medium (DMEM) supplemented with penicillin G (100 U/ml), streptomycin (100 μg/ml) and 10% fetal bovine serum (FBS) in the atmosphere of 5% CO2 at 37°C. After seeded, RAW 264.7 cells were treated with FA or MF (both 100 μM) for 0.5, 1, 2, 4 and 6 h for the time course experiment or treated with FA or MF (both 50, 100, and 200 μM) for 24 h. LX-2 cells and MPHs were either treated with FA or MF (25 μM) at different time points or treated with FA or MF (both 12.5, 25 and 50 μM) for 24 h. To explore the anti-fibrotic effects of FA, LX-2 cells were pretreated with FA (25 μM) for 1 h and then treated with transforming growth factor-beta (TGF-β) (5 ng/ml) for another 2 h or 24 h. To examine the anti-inflammatory activity of FA, RAW 264.7 cells were administrated with 100 μM FA for 1 h, followed by 100 ng/ml lipopolysaccharide (LPS) treatment for another 4 h. For the AMPK inhibition study, after 10 μM CC-pretreated, MPHs, RAW 264.7 cells and LX-2 cells were treated with different dosages of FA. To investigate the hepatoprotective effects of FA, MPHs were pretreated with 25 μM FA for 1 h and then treated with 10 mM CCl4 for another 24 h.
Animal Studies
C57BL/6J mice (22–24 g, male and female, SPF grade) were purchased from SIBEIFU Biotechnology Co, Ltd (Beijing, China). Mice were housed in a homoiothermic and sterile condition of 12-h light/dark cycles and fed standard chow and tap water at libitum. After 1 week acclimatization, mice were divided into five experimental groups (n = 6): 1) control group; 2) CCl4 group; 3) CCl4 + FA (low dose) group; 4) CCl4+ FA (medium dose) group; 5) CCl4+ FA (high dose) group. To chronically induce liver fibrosis, mice were received 1 ml/kg CCl4 by gavage twice a week for 8 weeks in groups (2–5) or were orally treated with the same volume of vehicle solution (olive oil) in group (1). To investigate the anti-fibrotic effects of FA, groups (3–5) were orally administrated with FA at different dosages (25, 50 and 100 mg/kg) for 4 weeks after 4 weeks of CCl4 administration. After treatment, mice were weighed, anesthetized with isoflurane and sacrificed to collect blood and livers. All animal studies and procedures were approved by the Institutional Animal Care and Use Committee of Beijing University of Chinese Medicine and were carried out in accordance with all guidelines and regulations.
PTP1B Activity Assay
The activity of PTP1B was determined by measuring the free phosphate released from PTP1B substrate using the commercially available PTP1B Assay kit 539736) from Merck Millipore (Darmstadt, Germany). Different concentrations of FA and MF or the equal volume of assay buffer solution (as a negative control) were prepared and added in a 96-well plate, followed by incubation with PTP1B enzyme dilution and warmed substrate for 40 min at 30°C. After incubating wells for the desired duration, reactions were terminated with Red Reagent. The absorbance was measured at 620 nm wavelength by xMark™ Microplate Absorbance Spectrophotometer. The activity of PTP1B enzyme in different wells was calculated by the conversion of absorbance to phosphate concentration with the phosphate standard curve as follows.
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Histopathology, Masson’s Trichrome Staining and Immunohistochemistry
After immobilized with 4% formaldehyde, 4.5-μm paraffin sections were prepared and further stained with hematoxylin and eosin (H&E) and Masson’s Trichrome as previously described (Li et al., 2017). Cell damage and inflammatory infiltration in histological changes were determined by evaluating the degree of hepatic injury. H&E scoring was performed as previously described (Wu et al., 2021). Quantification of collagen deposition (the percentage of blue collagen area relative to the total staining area) in Masson’s Trichrome staining was conducted using ImageJ software. For IHC staining, paraffin sections were rehydrated, antigen retrieval by EDTA and blocked endogenous peroxidases with 0.3% H2O2. After blocked with BSA reagent supplemented with 10% goat serum, slides were incubated with primary antibody against FN (dilution, 1:100) at 4 °C overnight, washed and incubated with goat anti-mouse/rabbit IgG HRP polymer secondary antibody (ZSGB-BIO, Beijing, China). The images of staining sections were obtained by Aperio Versa (Leica, Wetzlar, Germany).
Immunofluorescence Staining
After treatment, cells were rinsed with phosphate-buffered saline (PBS) buffer, fixed in 3.7% formaldehyde, blocked and permeabilized with 1% PBS-BSA with 0.1% Triton-X-100, followed by incubation with primary antibody against ALB (dilution, 1:500) in a wet chamber at 4 °C overnight. Later, cells were incubated with Alexa Fluor® 594 Goat anti-rat secondary antibody (dilution, 1:1,000) and then counterstained with DAPI. Immunofluorescence images were captured by Olympus FV3000 confocal laser scanning microscopy (Tokyo, Japan).
Measurement of Intracellular ROS
A ROS assay kit (S0033S, Jiancheng Bioengineering Institute, Nanjing, China) with DCFH-DA as a fluorescent probe was used to determine the relative ROS levels in MPHs. After treatment, MPHs were washed with PBS and incubated with the 10 μmol/L of DCFH-DA probe in dark at 37°C for 30 min. After discarding the unreacted probes and washing twice with PBS, the fluorescent intensity of oxidized product was determined at 525 nm. Immunofluorescence images were captured by Olympus FV3000 confocal laser scanning microscopy (Tokyo, Japan).
Molecular Docking Study
In silicon docking studies was performed using SYBYL-X 2.0 software (Tripos Inc, St. Louis, MO). The 3D structures of the compound FA and MF were downloaded from the ZINC database. The crystal structures of PTP1B (PDB ID:4I8N) in complex with an inhibitor of compound A [(4-{(2s)-2-(1,3-benzoxazol-2-yl)-2-[(4-fluorophenyl)sulfamoyl]ethyl}phenyl)amino](oxo)acetic acid and AMPK (PDB ID:6BX6) in complex with an inhibitor of compound B, SBI-0206965 were downloaded from RCSB protein data bank. The PTP1B and AMPK were optimized for molecular docking as follows. After removing the inhibitors and all of the water molecules and adding H atoms, side-chain amides were fixed and then prepared with the protein preparation module using default parameters. Furthermore, compound A, FA and MF were docked with the prepared PTP1B crystal structure, and compound B and FA were docked with AMPK by undertaking the Surflex-Dock (SFXC) docking mode. Meanwhile, the original inhibitors of compound A and compound B were respectively used to compare the interaction between residues and dispositions when PTP1B and AMPK were docked. Docking results were analyzed and visualized using SYBYL-X 2.0 software and Molecular Operating Environment software (Chemical Computing Group ULC, Canada).
Co-immunoprecipitation Study
Protein A/G-PLUS agarose beads were incubated with PTP1B antibody or IgG in IP lysis buffer at 4 °C overnight. The next day, agarose beads were centrifuged and resuspended three times with IP buffer. After washing with ice-PBS, the cell pellet was gently lysed and centrifuged to collect the lysate for the following experiment. After pre-cleared by incubation with protein A/G-PLUS agarose beads for 1 h, cell lysate was incubated with PTP1B antibody- or lgG-coated beads on a 4 °C rotator overnight. After washed four times with IP buffer, the immunoprecipitated beads were denatured with 4x laemmli sample buffer (1610747, Bio-Rad) at 100°C, followed by western blot analysis to determine the binding capacity of PTP1B and p-AMPK or t-AMPK.
Surface Plasmon Resonance Assay
The surface plasmon resonance (SPR) assay was conducted at 25°C using Biacore T200 SPR sensor (Biacore, GE Healthcare) with control software version 3.0. Briefly, a CM5 chip (carboxymethylated dextran surface) in Biacore PBS-EP running buffer was first activated following a standard EDC/NHS method. PTP1B protein was prepared in NaAc buffer (pH 4.5) to a final concentration of 20 μg/ml and was then injected into the channel of analysis instrument for 420 s followed by a 7 min injection of 1 M of ethanolamine buffer (pH 8.5) to block the residual active groups. For each sample analysis, another reference channel without the conjugated protein was also activated and blocked to eliminate non-specific binding to the surface of CM5 chip. Next, FA solution was diluted into different concentrations and injected into the analysis channel at a flow rate of 30 μL/min. The binding time of proteins and ligands was 420 s and the natural dissociation time was 420 s. All data were analyzed using Biacore T200 software.
Statistical Analysis
All experimental data were expressed as mean ± SEM and repeated at least three times. One-way ANOVA was employed to compare the differences between multiple groups using GraphPad Prism 8 (Graph-Pad, San Diego, CA). p value ≤ 0.05 was considered statistically significant.
RESULTS
FA Significantly Prevents Liver Fibrosis in CCl4-Induced Mouse Model
To reveal the potential protective effects and detailed mechanisms of FA on liver fibrosis progression, C57BL/6J mice were first orally administered with CCl4 for 4 weeks to induce chronic inflammation and liver fibrosis followed by treatment with different doses of FA (25, 50 and 100 mg/kg) or vehicle control for additional 4 weeks in addition to continuous gavage of CCl4 (Figure 1A). The significant increased ratios of liver or spleen weight over body weight caused by CCl4 were slightly decreased after FA treatment (Supplementary Figure S1A). Notably, serum biochemistry assays showed that CCl4 significantly increased the serum levels of alanine transaminase (ALT) and aspartate transaminase (AST), which were all markedly reversed by FA administration (Figure 1B). We further determined whether FA protected liver fibrosis through the suppression of hepatic oxidative stress. As expected, the hepatic content of malondialdehyde (MDA) in CCl4-treated group was markedly increased than that in control group (Figure 1C, left panel), while superoxide dismutase (SOD) level was decreased in livers (Figure 1C, right panel). Interestingly, FA significantly downregulated MDA level and only high dose of FA upregulated the SOD level in livers (Figure 1C). Consistently, biochemical quantification of hepatic collagen revealed readily detectable collagen deposition in CCl4 treated mice but decreased when treated with FA (Figure 1D). As shown in Figure 1E and Supplementary Figure S1B, H & E and Masson’s Trichrome staining depicted that FA significantly prevented the CCl4-caused fibrotic responses as indicated by reduced ballooning changes of hepatocytes and area of inflammation infiltration and collagenous fibers in the liver. Immunohistochemistry staining of FN, a specific marker of liver fibrosis, indicated that FN was upregulated in CCl4 groups and downregulated after FA treatment. QPCR and western blot analysis further confirmed that CCl4-induced the upregulation of COL1 and FN were significantly inhibited by FA (Figures 1F,G and Supplementary Figure S1C). TGF-β, a principal pro-fibrotic factor, promoted the expression of Acta2 and other fibrotic indicators through small mothers against decapentaplegic (SMAD) pathways. As shown in Figure 1F, FA-induced recovery from CCl4 injury was accompanied with the downregulation of pro-fibrogenic mRNA encoding for Tgfb1 and Acta2. Previous studies reported that AMPK activation improved hepatic inflammation and fibrosis even after the onset of liver fibrosis associated-steatohepatitis (Zhao et al., 2020). To further investigate whether the protective effect of FA on liver fibrosis was relevant to AMPK phosphorylation, we determined the protein expression of phosphorylated AMPK and its upstream kinases, ERK1/2 and LKB1. As shown in Figure 1G and Supplementary Figure S1D, the phosphorylation of AMPK and ERK1/2, but not LKB1, was significantly increased after FA treatment compared with CCl4 group.
[image: Figure 1]FIGURE 1 | FA alleviates CCl4-induced fibrotic injury in mice. Mice were received with CCl4 (1 ml/kg) and different dosages (25, 50, and 100 mg/kg) of FA by gavage. (A) Schematic diagram of in vivo experiments that linked FA with anti-fibrotic therapies. (B) ALT and AST levels in serum. (C) MDA and SOD levels in livers. (D) Measurement of the liver hydroxyproline. (E) Representative images of H & E, Masson’s Trichrome and FN staining. Scale bar = 100 μm. (F) Relative mRNA levels of Col1a1, Fn, Tgfb1 and Acta2 were determined by qPCR and normalized using Hprt1 as an internal control. (G) Representative immunoblots against COL1, FN, p-ERK1/2, t-ERK1/2, p-AMPK, t-AMPK and β-ACTIN were shown. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with CCl4 group. One-way ANOVA with Tukey’s post-hoc tests (n = 6).
FA Activates AMPK and Alleviates CCl4-Induced Oxidative Stress in Hepatocytes
It is well known that oxidative stress is particularly relevant to liver fibrosis progression. Given the hepatoprotective and anti-fibrotic effects of FA in vivo experiments, we next examined whether FA attenuated oxidative hepatic injury in MPHs treated with CCl4. First, CCK-8 assay showed that FA below 100 μM didn’t cause any cytotoxicity in MPHs (Figure 2A). Therefore, 12.5, 25 and 50 µM of FA were used for dose-dependent experiments and 25 µM of FA was used for following in vitro assays. As shown in Figure 2B, consistent with the results in vivo, CCl4 treatment markedly increased the hepatic level of MDA, which was significantly inhibited by FA at medium and high doses. In addition, 25 and 50 μM FA were able to significantly reverse the decrease of SOD caused by CCl4 administration. Immunofluorescent images further showed that the expression of ALB, a marker of hepatocyte function, had a significant increase in FA treated groups compared with CCl4 group (Figure 2C). Of note, FA significantly induced the activation of AMPK and ERK1/2 after 2 h treatment and peaked at 4 h (Figure 2D, left panel and Supplementary Figure S2A). Additionally, medium and high doses of FA rapidly and significantly induced AMPK phosphorylation at 2 h but didn’t affect the expressions of ERK1/2 and LKB1 (Figure 2D, right panel and Supplementary Figures S2B,C). Considering that AMPK activation attenuated NOX2-induced excessive ROS generation and oxidative stress (Figure 2E) (Rodriguez et al., 2020), we measured the NOX2 expression after FA and CCl4 treatment with or without the presence of AMPK inhibitor, CC. As shown in Figure 2F and Supplementary Figure S2D, the protein levels of NOX2 were significantly decreased after FA treatment compared with CCl4 group. Although co-treatment of FA and CCl4 barely affected the phosphorylation of LKB1 and ERK1/2 compared with CCl4 treatment alone, FA significantly increased the phosphorylation of AMPK. In addition, FA treatment significantly decreased the ROS production in MPHs caused by CCl4 (Figure 2G). Next, we examined whether the inhibition of AMPK activation had any influence on FA-induced hepatoprotective effects. In agreement with our hypothesis, pretreatment of MPHs with CC (2 μM) not only completely inhibited FA-induced AMPK activation but also reversed FA-induced downregulation of NOX2, while the levels of p-ERK1/2 and p-LKB1 were not changed (Figure 2H, left panel and Supplementary Figure S2E). Interestingly, the level of NOX2 was significantly decreased and the levels of p-AMPK was increased after FA treatment compared with CCl4-treated group, which was blocked by CC administration. Again, no significant change of ERK1/2 and LKB1 expression was observed (Figure 2H, right panel and Supplementary Figure S2F).
[image: Figure 2]FIGURE 2 | FA improves CCl4-induced oxidative stress and hepatic injury in MPHs. (A) A CCK-8 assay. (B, C, F and G) MPHs were pre-treated with FA at different concentrations for 1 h and then treated with CCl4 (10 mM) for another 24 h (B) MDA and SOD levels in MPHs. (C) Representative images of immunofluorescent staining of ALB in MPHs. (D) MPHs were treated with 25 μM FA at different time points or different concentrations of FA for 24 h. (E) The pathway of AMPK and NOX2 involved in oxidative stress. (G) Representative images of ROS immunofluorescent staining in MPHs. (H) After pre-treated with CC (2 μM) or FA (25 μM) or both, MPHs were administrated with CCl4 (10 mM) for another 2 h or 24 h (D, F and H) Representative immunoblots against p-AMPK, t-AMPK, p-LKB1, t-LKB1, p-ERK1/2, t-ERK1/2, NOX2 and β-ACTIN were shown. Statistical significance: **p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with CCl4 group. One-way ANOVA with Tukey’s post-hoc tests (n = 3).
FA Activates AMPK and Relieves LPS-Induced Inflammation in Macrophages
In addition to oxidative stress response, another key driver responsible for liver fibrosis is macrophage activation-associated inflammatory response, which promotes us to investigate the anti-inflammatory effects of FA both in vivo and in vitro. As shown in Figure 3A, hepatic mRNA expressions of interleukin-1 beta (Il1b) and macrophage markers including F4/80 and Cd11b were significantly increased after CCl4 treatment compared to control group, which were reversed by FA treatment. Furthermore, pro-inflammatory gene transcript levels of chemokine (C-C motif) ligand 2 (Ccl2) and tumor necrosis factor alpha (Tnfa) in the livers of CCl4-treated mice were markedly reduced post FA administration (Supplementary Figure S3A). Based on the observations in vivo, we next sought to determine the in vitro consequence of FA on RAW cells induced by LPS. Results showed that FA didn’t affect cell viability up to 200 μΜ (Figure 3B). After LPS intervention for 4 h, several inflammatory-related genes expression were significantly upregulated, such as inducible nitric oxide synthase (Inos), Tnf-a, Ccl2, and Il6, which were downregulated by FA treatment except for Il1b (Figure 3C). As depicted in Figure 3D and Supplementary Figures S3B,C, administration of FA significantly induced the phosphorylation of AMPK as well as p-ERK1/2 after 2 h treatment and peaked at 6 h, but didn’t affect or even slightly decrease the expression of p-LKB1. The activation of NF-κB was crucial in the process of hepatic inflammation by translocating its subunits (P50 and P65) from cytoplasm to nucleus and promoting the release of cytokines (Catrysse and van Loo, 2017). As expected, FA promoted the translocation of P50 and P65 from nucleus to cytoplasm in a time-dependent manner (Figure 3E and Supplementary Figure S3D). In addition, FA was able to markedly decrease the LPS-induced nuclear translocation of P50 and P65 (Figure 3F and Supplementary Figure S3E). We further determined if FA-induced activation of AMPK was correlated to the inhibition of NF-κB nuclear translocation (Figure 3G). As shown in Figure 3H, left panel and Supplementary Figure S3F, FA-induced AMPK phosphorylation was completely blocked by CC (10 μM). Co-treatment with FA and CC significantly decreased the phosphorylation of LKB1 but not affect ERK1/2 level. Furthermore, with the presence of CC, FA was unable to prevent the nuclear translocation caused by LPS (Figure 3H, right panel and Supplementary Figure S3G). These findings indicated that FA inhibited inflammatory responses through the activation of AMPK and subsequent inhibition of NF-κB in macrophages.
[image: Figure 3]FIGURE 3 | FA suppresses LPS-induced macrophage activation in RAW cells. (A) Relative hepatic mRNA levels of Il1b, F4/80 and Cd11b were determined by qPCR and normalized using Hprt1 as an internal control in mice. (B) A CCK-8 assay. (C) RAW cells were pre-treated with FA at different concentrations for 1 h and then treated with LPS (100 ng/ml) for another 4 h. (D, E) RAW cells were treated with 100 μM FA at different time points. (F, H) After treated with CC (10 μM) or FA (100 μM) or both, RAW cells were administrated with LPS for another 4 h. (G) The pathway of AMPK and NF-κB involved in inflammation. (D-F and H) Representative immunoblots against p-AMPK, t-AMPK, p-ERK1/2, t-ERK1/2, p-LKB1, t-LKB1, P50, P65, β-ACTIN and LAMIN B were shown. Statistical significance: *p < 0.05, ***p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p < 0.01, compared with LPS group. One-way ANOVA with Tukey’s post-hoc tests (n = 3).
FA Activates AMPK and Alleviates TGF-β-Induced Fibrotic Response in HSCs
In order to explore whether FA prevented the activation of HSCs, main ECM-producing cells in livers, through the phosphorylation of AMPK, we incubated LX-2 cells, a human HSC cell line, with TGF-β and increasing concentrations of FA in vitro. As shown in Figure 4A, we conducted CCK-8 assay and selected 12.5, 25 and 50 μM of FA for dose-dependent experiments and 25 μM of FA for other in vitro studies. 50 μM of FA significantly downregulated the mRNA levels of genes associated with HSC activation like Tgfb1 and Fn compared to TGF-β group. In addition, the mRNA levels of Acta2 and Col1a1 were dramatically increased in TGF-β-treated group, which were significantly reduced after FA treatment at medium and high doses (Figure 4B). We recently reported that the aberrant expression of long noncoding RNA (lncRNA) H19 was responsible for HSC activation and liver fibrosis progression in multiple mouse models (Wang et al., 2021). As shown in Figure 4B, TGF-β-induced upregulation of H19 was significantly reversed by FA in LX-2 cells. According to the results of gel contraction analysis, the relative original gel area in TGF-β treated group was significantly reduced due to a strong contraction force compared to control group, which was markedly reversed by FA treatment at 25 and 50 μM (Figure 4C). Meanwhile, the effects of FA alone were not statistically significant (Supplementary Figure S4A). As shown in Figure 4D, left panel and Supplementary Figure S4B, although FA did not affect LKB1 expression, it caused a time-dependent increase of p-AMPK phosphorylation at 0.5 h and peaked at 2 h in LX-2 cells. Interestingly, with the presence of FA, p-ERK1/2 was slightly decreased from 1 to 2 h while was continually increased after 4 h. Consistent with the results above, FA also markedly activated the phosphorylation of AMPK without affecting the levels of p-LKB1 and p-ERK1/2 in LX-2 cells (Figure 4D, right panel and Supplementary Figure S4C). Given the strong influence of FA on AMPK activation, we further explored whether FA prevented HSC activation by regulating AMPK and its related SMAD2/3 signaling. As shown in Figure 4E and Supplementary Figure S4D, FA reversed the downregulation of phosphorylated AMPK and suppressed the phosphorylation of p-SMAD2 and p-SMAD3 caused by TGF-β administration. Notably, CC significantly inhibited FA-induced upregulation of AMPK, accompanied by a robust increase of p-SMAD2 and p-SMAD3 except for LKB1 (Figure 4F and Supplementary Figures S4E,F). These results confirmed that the anti-fibrotic effects of FA depended on AMPK activation and its downstream SMAD2/3 pathways (Figure 4G).
[image: Figure 4]FIGURE 4 | FA attenuates TGF-β-induced HSC activation and fibrotic responses in LX-2 cells. (A) A CCK-8 assay. After pre-treated with FA at different concentrations for 1 h, LX-2 cells were treated with TGF-β (5 ng/ml) for another 24 h (B and C) or 6 h (E). (B) Relative mRNA levels of Tgfb1, Acta2, Fn, Col1a1 and H19 were determined by qPCR and normalized using Hprt1 as an internal control. (C) Representative collagen gel images from three independent experiments were shown. (D) LX-2 cells were treated with 25 μM FA at different time points or different concentrations of FA for 24 h. (F) After treated with CC (2 μM) or FA (25 μM) or both, LX-2 cells were administrated with TGF-β for another 6 h (D-F) Representative immunoblots against p-AMPK, t-AMPK, p-LKB1, t-LKB1, p-SMAD2, p-SMAD3, t-SMAD3, p-ERK1/2, t-ERK1/2 and β-ACTIN were shown. (G) The pathway of AMPK, TGF-β and SMADs involved in HSC proliferation. Statistical significance: **p < 0.01, ***p < 0.001, compared with control group; ##p < 0.01, ###p < 0.001, compared with TGF-β group. One-way ANOVA with Tukey’s post-hoc tests (n = 3).
PTP1B is Required for FA-Mediated Phosphorylation of AMPK
Based on the reported above, we demonstrated that FA was able to upregulate the phosphorylation of AMPK in different liver cells without affecting LKB1 phosphorylation. Given that PTP1B deficiency contributed to oxidative stress and hepatic lipid disorders, we also examined the mRNA and protein levels of PTP1B after FA treatment. Interestingly, FA had no effect on PTP1B expression in hepatocytes, macrophages as well as HSCs, with or without the presence of different model drugs (Supplementary Figures S5A–E). Lines of evidence indicated that PTP1B dephosphorylated multiple protein kinases and caused the modulation of multiple signaling pathways (Niu et al., 2020). Given that the regulatory effects of PTP1B on AMPK activation were not only affected by its expression but also relied on its phosphatase activity, FA might mediate AMPK phosphorylation through the regulation of PTP1B activity. To test this hypothesis, we first examined whether FA directly bound to PTP1B using molecular docking and SPR assays. Molecular docking was used to construct a virtual FA-PTP1B structure model. As shown in Figures 5A,B, the receptor and ligand of PTP1B were prepared and the bonding mode was predicted by the Surflex-Dock program. The total score of PTP1B towards FA was 7.5695 and towards its inhibitor, compound A, was 12.3564. Correspondingly, PTP1B interacted with FA by forming the hydrogen bonds with catalytically active sites, Arg221, Ser216 and Ala217, and interacted with compound A by forming the hydrogen bonds with Arg221, Ser216, Ala217, Gly220, Ile219 and Asp48. Comparing the binding sites of PTP1B with FA or compound A, we pointed out that Arg221 might become the most critical residue responsible for the interaction between PTP1B and FA. Consistent with our hypothesis, FA might have a moderate binding affinity with PTP1B and act as a potential antagonist of PTP1B. Additionally, SPR is one of the most prominent optical biosensor technologies and was used to gain further insight into the binding affinity of PTP1B to FA (Figure 5C). As expected, binding of FA to PTP1B was dose-dependent, exhibiting a association-dissociation process (Figure 5D). The response units at equilibrium were plotted against FA concentrations and the dissociation constant (KD) was calculated by non-linear regression. As shown in Figure 5E, PTP1B directly bound to FA with a KD value of 3.474 μM.
[image: Figure 5]FIGURE 5 | FA directly binds to PTP1B. (A) Representative images for the binding mode of FA and PTP1B with the crystal structure of PTP1B (PDB ID: Ser216, Arg221, Ala217). (B) Representative images for the binding mode of compound A and PTP1B with the crystal structure of PTP1B (PDB ID: Arg221, Ser216, Ala217, Gly220, Ile219 and Asp48). (C) The process flow diagram of SPR. (D) The concentration gradient binding curves of protein PTP1B with FA (3.125, 6.25, 12.5, 25, 50, 100 and 200 μM). (E) The representative binding curve of FA binding to PTP1B. All the experiments were conducted three independent times.
The Chemical Structure of FA is Crucial for AMPK Phosphorylation
Guided by the results that FA had a strong binding ability with PTP1B (Figure 5) but not AMPK (Supplementary Figure S5F), we further examined whether FA regulated AMPK phosphorylation by affecting the enzyme activity of PTP1B. As shown in Figure 6A, FA rapidly inhibited the activity of PTP1B more than 50% in a dose-dependent manner, suggesting that it might behave as a potential inhibitor of PTP1B. In addition, co-immunoprecipitation assay was employed to test whether and how FA regulated the interaction between PTP1B and AMPK. In support of our hypothesis, the interaction between PTP1B and AMPK was weakened after FA treatment, possibly because FA competitively occupied the catalytic domain of PTP1B, which was also the binding site for phosphorylated AMPK (Figure 6B).
[image: Figure 6]FIGURE 6 | FA directly inhibits PTP1B activity but MF doesn’t affect PTP1B and AMPK signalings in different liver cells. (A) Inhibition of the catalytic activity of PTP1B by FA was shown. (B) LX-2 cells were treated with 25 μM FA for 24 h. Immunoprecipitation using monoclonal anti-PTP1B or IgG, followed by western blot analysis using rabbit polyclonal anti-p-AMPK and t-AMPK. 10% input was prepared as a positive control and ß-ACTIN was used as a loading control. (C) Chemical structures of FA and MF. (D) Representative images for the binding mode of MF and PTP1B. (E) Inhibition of the catalytic activity of PTP1B by MF was shown. (F and H) MPHs, LX-2 cells and (G) RAW cells were treated with 25 or 100 μM MF at different time points. (F-H) Representative immunoblots against p-AMPK, t-AMPK, PTP1B and ß-ACTIN were shown. One-way ANOVA with Tukey’s post-hoc tests (n = 3).
Combined with the above results, we further speculated that the inhibitory effect of FA on PTP1B might be related to the predicted binding mode, especially the formation of hydrogen bond between -COOH on FA and Arg221 and Ser216 of PTP1B. MF is a methyl ester of FA (Cheng et al., 2019). The only difference between FA and MF was a -COOH group in the side chain of FA while a -COOCH3 in the same position of MF (Figure 6C). Interestingly, MF had a low predicted binding score and the critical hydrogen bond between -OH with Arg221 was missing (Figure 6D). In supporting of molecular docking results, MF had minimal effects on the enzymatic activities of PTP1B at as high as 100 μM (Figure 6E). Furthermore, time- and dose-course analyses by western blot revealed that MF didn’t affect the phosphorylation of AMPK as well as the expression of PTP1B in MPHs, RAW cells and LX-2 cells, respectively (Figures 6F–H and Supplementary Figures S6A–F).
DISCUSSION
Liver fibrosis results from multiple pathogenic factors such as oxidative stress, persistent inflammation and lipid disorders and is characterized by the net accumulation of ECM, leading to a serious threat to human health. Indeed, although several anti-fibrotic drugs are in development, high research and development costs and the risk of side effects restrict their clinical applications. In the past decades, natural products are reported to possess novel biological activities, thus making them a rich source of lead compounds for new drug discovery for the treatment of chronic liver diseases. FA, one of the natural representative phenolic acids, has provided opportunities for the treatment of acute or chronic diseases. FA exerts a broad spectrum of biological activities, including ameliorating inflammation, preventing microbial invasion and alleviating lipid droplets deposition, which may be related to antioxidant or antifibrosis but systemic pharmacological evaluation and clear underlying mechanism are still missing. The current study reported that FA markedly protected against pathological changes and liver fibrosis caused by CCl4 in mice. It also inhibited hepatic oxidative stress, inflammation in macrophages and HSC activation at the cellular level. Mechanically, our data suggested that the beneficial effects of FA were due to its activation of AMPK by directly binding to PTP1B and further inhibiting PTP1B activity (Figure 7). Therefore, a better understanding of the protective mechanisms of FA may yield important insights into the treatment of liver fibrosis and advanced complications.
[image: Figure 7]FIGURE 7 | Schematic diagram of the proposed mechanisms underlying the protective effects of FA on oxidative stress, inflammation in macrophages and HSC activation during liver fibrosis. FA ameliorated CCl4-induced oxidative stress in hepatocytes, relieved LPS-induced inflammation in macrophages and alleviated TGF-β-induced fibrotic response in HSCs. The potential mechanism was that FA directly bound to and inhibited the activity of PTP1B, eventually leading to the phosphorylation of AMPK.
AMPK, as a pivotal player in maintaining cellular energy homeostasis, is reported to regulate multiple metabolic processes. Previous articles indicated that the loss of AMPK activation significantly aggravated liver inflammation and lipid disorders in mouse fibrotic models (Lin et al., 2020; Zhao et al., 2020). In addition, the protective functions of AMPK phosphorylation are also highlighted recently, including preventing oxidative stress and attenuating alcoholic liver disease progression (Lu et al., 2021). Although AMPK activation is also documented to suppress the expression of bile acid transporters in hepatocytes and further be responsible for estrogen-induced cholestasis, which may result from the sustained over-activation of AMPK (Li et al., 2017), loss of AMPK promotes steatosis development in mice without affecting normal physiological functions (Boudaba et al., 2018; Zhao et al., 2020). Thus, AMPK activation may serve as a reversal point of fibrotic liver damage. If so, pharmaceutical interventions that activate AMPK in livers may represent potential approaches to treat hepatic fibrosis. Here, we reported that FA strikingly protected against oxidative stress and fibrotic responses both in vivo and in vitro by facilitating AMPK phosphorylation (Figures 1–4).
CCl4 is a multicellular injury model and the consequences it induced are similar to the clinical pathological phenotype of liver fibrosis. Hepatocytes, which account for 60% of the total liver cells and 80% of the liver volume, are the primary source of sensing “danger signals” in liver fibrosis. Under pathological processes, damaged hepatocytes release damage-associated molecular patterns (DAMPs), stimulate the liver-resident macrophages to release pro-inflammatory cytokines/chemokines and result in the recruitment of macrophages that promote HSC survival and activation (Cha et al., 2018; Hirsova et al., 2016). Activated AMPK in hepatocytes not only suppressed the apoptosis of hepatocytes and NOX2-derived ROS production (Rodriguez et al., 2020) but also inhibited the production of endothelial pro-inflammatory cytokines (Hawley et al., 2016). The current work provided evidence that FA exerted excellent anti-oxidant effects and protected hepatocyte injury through AMPK activation and subsequent NOX2 inhibition (Figure 2), indicating that the protective effects of FA against oxidative stress on hepatocytes might further reduce the release of cytokines/chemokines and macrophage activation. On the other side, sensitized hepatocytes respond to the release of inflammatory cytokines and further result in hepatic damage and progression of hepatocyte steatosis (Nagy et al., 2016; Zhang et al., 2019). Meanwhile, the activation of AMPK is reported to block NF-κB translocation from the cytosol to the nucleus in activated macrophages (Zhai et al., 2018). Except for the role of FA alone in preventing the nuclear translocation and activation of NF-κB, we further reported that FA reduced the release of inflammatory cytokines in LPS-stimulated RAW cells through the inhibition of NF-κB translocation (Figure 3). In addition, AMPK activation was reported to antagonize TGF-β-induced SMAD3 activation and fibrogenic response in HSCs by directly targeting transcriptional coactivator p300, and finally, improve hepatocellular dysfunction in the liver (Lim et al., 2012). Our results further suggested that FA directly activated AMPK phosphorylation and inhibited HSC activation through TGF-β/SMADs pathway (Figure 4). These results indicated that FA protected hepatocytes from the “second hit” by suppressing inflammatory reactions in macrophages and preventing HSC activation. Furthermore, CC completely inhibited AMPK activation and abrogated FA-induced hepatoprotective effects in different liver cells, suggesting an indispensable role of AMPK activation underlying the therapeutic effects of FA.
Our results indicate that the FA-induced activation of AMPK is not related to LKB1 but regulated by an alternative mechanism. Similar to AMPK, emerging proofs suggest that PTP1B participates in the course of metabolic and fibrotic liver diseases (Zhang et al., 2015). Deficiency of PTP1B is also reported to effectively restore the dampened phosphorylation of AMPK and hyperactivate phosphorylation of mTOR and Raptor in mice fed with HFD (Kandadi et al., 2015; Xu et al., 2019). Considering the low expressions of NF-κB and NOX2 and inhibited inflammation in liver-specific PTP1B knockout mice (Hsu et al., 2020), we speculated whether these changes are related to AMPK activation in livers and our hypothesis remains to be identified in the future. In the current study, we found that FA relived hepatic fibrosis by, at least partly, directly binding to and acting as a PTP1B antagonist, which further confirmed our hypothesis that the binding ability between FA and AMPK was weaker than that between FA with PTP1B (Figure 5). In support of molecular docking and SPR studies, we further showed that although no significant change of PTP1B expression was detected, its enzyme activity was significantly inhibited after FA administration (Figure 6). Collectively, our study provided critical evidence that FA alleviated fibrotic liver injury through AMPK phosphorylation, which was relied on the inhibition of PTP1B activity.
There are several critical amino acid residues (Arg221, Ala217, Asp 48, Asp181, Gly183, Gly220, Lys116, Phe182 and Tyr46) of PTP1B were found to directly interact with potential inhibitors isolated from natural products (Jung et al., 2017; Sharma et al., 2020; Hu et al., 2021). Notably, Arg221 exerts an important function in optimizing salt bridge interactions with the phosphate bound to the catalytic site and stabilizing the phosphoryl-enzyme intermediator (Niu et al., 2020). Here we reported that Arg221 might play a vital role in the inhibition of PTP1B by FA. Our molecular docking results revealed that the MF did not fully occupy the positions of Arg221 and might lead to a low binding ability of MF to PTP1B. In order to explore whether the differences in PTP1B inhibition might be related to the structural differences, we compared PTP1B activities after FA and MF treatments, respectively. Although MF was able to attenuate HSC activation and liver fibrosis by inhibiting TGF-β1/SMADs and NOX4/ROS signaling pathways (Cheng et al., 2019), there was no alteration of PTP1B activity observed after MF administration. Additionally, one of the unavoidable ways to generate FA is through the ester hydrolyzation of MF (Mathew and Abraham, 2004). Interestingly, MF took a longer time than FA to slightly increase the phosphorylation of AMPK (Figure 6). This phenomenon may be because MF is able to be metabolized into FA and subsequently inhibit PTP1B activity to activate AMPK. These results encourage that FA and its derivatives with similar structures may provide a possible opportunity for the development of potential PTP1B inhibitors to treat fibrotic liver injury.
In conclusion, our findings indicated that FA exhibited therapeutic effects against fibrotic liver injury both in vivo and in vitro by effectively inhibiting hepatic oxidative stress, inflammation and HSC activation. Importantly, we clarified that the anti-fibrotic effect of FA was primarily attributed to the inhibition of PTP1B activity and subsequent AMPK phosphorylation. Collectively, as illustrated in Figure 7, the hepatoprotective effects of FA and underlying complicated mechanisms by which FA activates AMPK are emphasized and vital evidence inspiring the development of FA-based innovative drug candidates for the treatment of liver fibrosis and related complications is provided.
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This study aimed to determine whether hesperetin (HPT) has chondroprotective effects against the TNF-α-induced inflammatory response of chondrocytes and related mechanisms and clarify the impact of HPT on osteoarthritis (OA) induced by anterior cruciate ligament transection (ACLT). Under tumor necrosis factor-α (TNF-α) stimulation, rat chondrocytes were treated with or without HPT. The CCK-8 assay was used to detect viability and cytotoxicity. RT-qPCR and Western blot were used to examine the expression of aggrecan, collagen type II, and inflammatory and proliferative genes/proteins in chondrocytes. Flow cytometry was used to check the cell cycle to determine whether HPT protects chondrocytes against the inhibitory effect of TNF-α on chondrocyte proliferation. In addition, RNA sequencing was used to discover possible molecular targets and pathways and then validate these pathways with specific protein phosphorylation levels. Finally, immunofluorescence staining was used to examine the phosphorylation of the AMP-activated protein kinase (AMPK) pathway. The results showed that HPT restored the upregulation of interleukin 1β (IL-1β), PTGS2, and MMP-13 induced by TNF-α. In addition, HPT reversed the degradation of the extracellular matrix of chondrocytes induced by TNF-α. HPT also reversed the inhibitory effect of TNF-α on chondrocyte proliferation. RNA sequencing revealed 549 differentially expressed genes (DEGs), of which 105 were upregulated and 444 were downregulated, suggesting the potential importance of the AMPK pathway. Progressive analysis showed that HPT mediated the repair of TNF-α-induced chondrocyte damage through the AMPK signaling pathway. Thus, local treatment of HPT can improve OA induced by ACLT. These findings indicated that HPT has significant protective and anti-inflammatory effects on chondrocytes through the AMPK signaling pathway, effectively preventing cartilage degradation. Given the various beneficial effects of HPT, it can be used as a potential natural drug to treat OA.
Keywords: osteoarthritis, inflammation, cartilage degeneration, hesperetin, AMPK
INTRODUCTION
Osteoarthritis (OA) is a connective tissue degenerative disease and frequently associated with joint inflammation and substantial pain, possibly debilitating the affected patient (Dieppe and Lohmander, 2005; Neogi, 2013; Glyn-Jones et al., 2015; Lin et al., 2016; Wang et al., 2020a). It is characterized by the loss of the articular cartilage and subchondral bone reactive hyperplasia due to repeated inflammatory responses (Chen et al., 2017). Growing evidence indicates that the inflammatory response induced by elevated levels of proinflammatory cytokines, including tumor necrosis factor- (TNF-) α and interleukin- (IL-) 1β, plays a critical role in the pathogenesis of OA (Robinson et al., 2016; Wang and He, 2018). Although osteoarthritis is an epidemic, the drugs for this condition are far from ideal (Wang et al., 2015; Zhu et al., 2018). Currently available therapeutic strategies for OA include injectable glucocorticoid compounds and nonsteroidal anti-inflammatory drugs (NSAIDs) (Deyle et al., 2020; Kolasinski et al., 2020). However, these drugs only offer symptomatic relief, with no effect on disease modification or progression. Therefore, it is imperative to seek effective medicines to prevent OA.
TNF-α is a key inflammatory factor, with a leading role in the inflammatory process. Several studies have demonstrated that TNF-α downregulates the synthesis of major extracellular matrix (ECM) components by inhibiting the anabolic activities of chondrocytes (Saklatvala, 1986). It has been reported that inflammatory cytokines exert a destructive effect on cartilage by inhibiting the anabolic activities of chondrocytes (Zhao et al., 2015) and activated chondrocytes to produce matrix metalloproteinases (MMPs), especially MMP-13 (a key regulator of cartilage destruction) (Gonzalez-Rey et al., 2006). TNF-α activates the NF-κB signaling pathway in various medical conditions, which in turn further facilitates the proinflammatory function of TNF-α (Hayden and Ghosh, 2014). Apart from their destructive effects, inflammatory cytokines also tend to induce apoptosis in chondrocytes (Hosseinzadeh et al., 2016). Moreover, recent data suggest that TNF-α is involved in cartilage degeneration in OA (Hosseinzadeh et al., 2016).
With rapid advances in natural products research, active ingredients in natural products have demonstrated their therapeutic effects, with fewer side effects in clinical practice. Hesperetin (HPT), a natural flavonoid from the Citrus L. plant in the Rutaceae family, has diverse pharmacological capacities, including anti-inflammatory and antioxidative properties (Parhiz et al., 2015). HPT has widely been used to prevent and treat various chronic inflammatory conditions (Chen et al., 2019; Muhammad et al., 2019; Wang et al., 2020c). Although HPT is known to significantly inhibit IL-1β-induced inflammatory responses in human chondrocytes during osteoarthritis (Lin et al., 2020), it remains unknown whether exogenously applied HPT is capable of reversing TNF-α-induced abnormal expression of genes and proteins to prevent the degradation of articular cartilages induced by ACLT transection injury. Moreover, the specific molecular mechanism of this effect is still unknown.
This study investigated whether HPT has chondroprotective effects against the inflammatory responses of chondrocytes induced by TNF-α and the related mechanisms. First, an in vitro OA model of chondrocytes (with TNF-α induction) was prepared to assess the inhibitory effects of HPT on the inflammation caused by abnormal gene/protein phenotypic changes. To further unravel the underlying molecular mechanisms, high throughput RNA sequencing quantification was used to analyze mRNA-level changes induced by TNF-α with or without HPT treatment in global chondrocytes. Finally, the AMPK signaling pathway was demonstrated to relieve OA, which could be inhibited by HPT treatment.
MATERIALS AND METHODS
Cell Culture
Rat chondrocytes were isolated and cultured as described in a previous study (Wang et al., 2019; Xu et al., 2019). Sprague Dawley (SD) rat knee cartilage tissues were cut into small pieces and digested with 2 mg/ml collagenase type II (Sigma, United States) for 4–6 h. The undigested tissues were removed, and the isolated cells were seeded in DMEM/F12 (1:1) medium (Gibco, United States) containing 10% fetal bovine serum (FBS) (Gibco, United States). Cells from the second or third passages were used in cell experiments. Animal experiments for this study were approved by the Institutional Review Board (IRB) of Chongqing University.
Hesperetin and TNF-α Treatment
Hesperetin (HPT) and dexamethasone (DEX) were purchased from Selleck (Selleck Chemicals, United States) and then dissolved in DMSO as a 10 mM stock solution. Rat chondrocytes were treated with HPT at different concentrations (1, 5, 10, 20, 50, and 100 μM); DMSO was used as a control. Meanwhile, exposure to 10 μM HPT was implemented at different time intervals (1, 2, 3, 4, and 5 days). Morphology caused by HPT at different concentrations (1, 5, 10, 20, 50, and 100 μM) was detected by microscopy (Olympus, Japan). In addition, 10 ng/ml of TNF-α alone (the TNF-α-treated group) or TNF-α plus HPT at 10 μM (TNF-α + HPT-treated group) or TNF-α plus DEX at 10 μM (TNF-α + DEX-treated group) was used for treating chondrocytes for 48 h (TNF-α and HPT or TNF-α and DEX were added in the same order). All the experiments were performed in triplicate independently.
Cell Viability Assay
Cell Counting Kit 8 (CCK-8) (Beyotime, China) was used to investigate cell viability and cytotoxicity. Chondrocytes were seeded at a density of 1,000 cells/well in a 96-well plate and tested for toxicity for 1–5 days with different concentrations of HPT. DMSO was used as a control. At designated time intervals, the cells were incubated with 10% CCK-8 reagent at 37°C for 2–4 h. After incubation, the corresponding absorbance was measured with a microplate reader at a wavelength of 490 nm. The data were analyzed with GraphPad 8.0. All the experiments were performed in triplicate independently.
RT-qPCR Analysis
Chondrocytes were treated with TNF-α alone or TNF-α plus HPT and then harvested for the qRT-PCR assay. DMSO was used as control. Each sample was harvested using TRIzol reagent, and RNA was isolated. Total RNA was reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Then, the cDNA was used as template to perform real-time polymerase chain reaction (PCR) on a StepOne Plus thermal cycler (Applied Biosystems). Primers were designed by NCBI primer blast and synthesized using Invitrogen. Data were analyzed according to the 2−ΔΔct method.
Western Blotting
Rat chondrocytes were lysed by RIPA lysis buffer to extract the total protein which was separated by SDS-PAGE gel electrophoresis and transferred to PVDF (polyvinylidene fluoride) membrane (0.2 μm; BioRad). After 1 h blocking with 5% skimmed milk, the membrane was incubated with primary antibody ACAN (Abcam, ab36861), COL2A (Santa Cruz, sc-7763), IL-1β (Proteintech, 66,737-1-lg), IL-6 (Zen Bio, 347023), MMP-13 (Zen Bio, 511755), PTGS2 (Zen Bio, 383967), Bcl-2 (Zen Bio, 381702), CDK1 (Abcam,ab18), Cyclin D1 (Zen Bio, 382442), p-AMPKα1 (Zen Bio, 310044), AMPKα (Zen Bio, 380431), and GAPDH (Zen Bio, 384404) antibodies overnight at 4°C. After washing 3 times with 1×TBST, the membrane was incubated with horseradish peroxidase-labeled secondary antibody (goat anti-rabbit/mouse IgG, 1:5,000) at room temperature for 1 h. Finally, target protein was visualized by the ECL Western Detection Kit (Thermo Fisher Scientific, United States) and quantified by ImageJ software.
Cell Cycle Flow Cytometric Analysis
Flow cytometry was used to determine the effect of HPT on the chondrocyte cycle. After being treated with TNF-α alone or TNF-α plus HPT, the chondrocytes were harvested and washed, followed by fixation using 70% alcohol at 4°C overnight. After washing the cells with PBS, they were treated with ribonuclease RNase A and incubated with propidium iodide (PI) for the cell cycle analysis on a BD FACSVerseTM flow cytometer (BD Bioscience, San Jose, CA).
RNA Sequencing
RNA sequencing was performed on chondrocytes in different treatments to determine the changes in their mRNA expression profiles. RNA extraction kit (Thermo Fisher Scientific, Waltham, MA) was used to extract total RNA from each group of cells. Send the obtained RNA sample to BGI Co., Ltd., Shenzhen, China, and perform RNA-seq operation on BGISEQ-500. The R language program was used to further analyze the sequencing results to find differential genes in the chip expression profile. Then, use the R program to perform the gene ontology (GO) biological function enrichment analysis and genome encyclopedia (KEGG) signal pathway enrichment analysis. All samples were repeated three times.
Immunostaining Assays
The chondrocytes were seeded on coverslips coated with 0.01% poly L-lysine. After treatment, the cells were fixed in 4% paraformaldehyde for 30 min, followed by rinsing with PBS and permeating with 0.1% Triton X-100 on ice for 5 min. Then, the cells were blocked with a blocking solution at 37°C for 1 h and then incubated with the primary antibody p-AMPKα1 (Zen Bio, 310044) at 4°C overnight and with a fluorescently labeled secondary antibody (concentration 1:200) at 37°C for 1 h, respectively. After counterstaining with DAPI, the samples were imaged and captured under a fluorescence microscope (Olympus, Japan).
Animal Model
The animal experiments were carried out following the protocol approved by the Animal Care and Use Committee of Chongqing University. The OA model was achieved by anterior cruciate ligament transection (ACLT) in SD rats, as described in our previous study (Wang et al., 2020a; Xu et al., 2021). There are 24 rats randomly assigned to four groups: healthy, OA (normal saline group), DEX, and HPT groups. Four weeks after ACLT surgery, 0.5 mg/kg DEX was injected into the knee joint in the DEX group, and 10 mM HPT was injected into the knee joint in the HPT group. Four weeks after drug treatment, all the rats were sacrificed by carbon dioxide anesthesia, then cervical dislocation, and articular cartilage samples were collected for microscopic evaluations. Six samples were collected in each group.
Histological Analysis
The samples of the OA animal model were collected 8 weeks after ACLT. First, the knee joints of the rats were fixed in 4% paraformaldehyde for 2 days. Subsequently, they were decalcified in 10% EDTA solution for 2 months, dehydrated with a concentration gradient of alcohol, embedded in paraffin, and cut into 10 μm thick paraffin sections. All specimens were stained with hematoxylin and eosin (H&E) and safranin-O fast green. H&E staining was used to observe changes in the surface of articular cartilage, cartilage levels, and the number and morphology of cartilage cells. In addition, the histological immunofluorescent staining for p-AMPKα1 (Zen Bio, 310044) was performed to verify HPT exhibits the effect in vivo on regulating the AMPK pathway. In the microscopic examination, the histological score was scored according to the histological evaluation performed in the previous study (Xu et al., 2019; Wang et al., 2020b). The (SD) score of each group was the content of cartilage matrix captured from the safranin-O-positive staining area by ImageJ software. In short, we selected the ROI of the red area of the cartilage matrix in each group, and then, calculate the intensity value of the algorithm built into the ImageJ software for further statistical analysis. The statistical analysis is based on the mean ± SD.
Statistical Analysis
SPSS 22.0 software package was used to perform statistical processing. One-way analysis of variance was used to determine significant differences between groups. The experimental data were expressed as mean ± SD (mean ± SEM), and p < 0.05 was considered statistically significant.
RESULTS
Cytotoxicity of HPT to Chondrocytes
Figure 1A presents the chemical structure of HPT. CCK-8 assay was used to investigate the cytotoxic effects of HPT on SD rat chondrocytes. The results showed no apparent cytotoxic effects of HPT on chondrocytes at concentrations of 0–20 μM; however, it had cytotoxic effects at concentrations ≥50 μM (Figure 1B). In addition, HPT promoted the proliferation of chondrocytes slightly at 10 μM concentration. Therefore, 10 μM HPT was the concentration selected for further studies. We further investigated the cell proliferation rate after treatment with 10 μM HPT for 5 days. Compared with the control group (DMSO), supplementation with 10 μM HPT increased cell proliferation (Figure 1D). There was no change in the morphology of chondrocytes after treatment with 1–20 μM HPT; however, chondrocytes exposed to 50 and 100 μM HPT showed significant morphological changes, and cell counts decreased in a dose-dependent pattern as well (Figure 1E).
[image: Figure 1]FIGURE 1 | Cytotoxicity of HPT-treated chondrocytes. (A) The molecular structure of HPT. (B) Different concentrations (1, 5, 10, 20, 50, and 100 μM) of HPT were cultured for 48 h, with *p < 0.05 as a significant difference. (C) The IC50 of HPT to chondrocytes, and the concentration is transferred to Log(c). (D) HPT treated 10 µM and controlled the cell proliferation curve for 5 days. (E) Photographs of cells cultured with different concentrations (1, 5, 10, 20, 50, and 100 μM) of HPT for 48 h.
HPT Recoveries TNF-α-Induced Abnormal Gene and Protein Expression
Chondrocytes are generally very sensitive to TNF-α, which reduces the aggrecan and collagen type II synthesis and promotes the development of OA. To investigate the protective function of HPT in TNF-α-treated chondrocytes, we examined the effect of HPT on aggrecan and collagen type II using the Western blotting analysis and RT-PCR. Moreover, we then examined the impact of HPT on TNF-α-induced production of IL-1β, IL-6, MMP13, and PTGS2 in chondrocytes. The cells were treated with 10 μM HPT and 10 ng/ml of TNF-α for 48 h. Compared with the control group, TNF-α significantly increased mRNA levels of IL-1β, IL-6, MMP-13, and PTGS2 and inhibited ACAN and COL2A gene expression (*p < 0.05; TNF-α vs. control), while HPT recovered these gene levels (#p < 0.05; TNF-α + HPT vs. TNF-α) (Figures 2A–F). Like gene expression results, HPT restored TNF-α-induced downregulation of COL2A and ACAN and reversed TNF-α-induced IL-1β, IL-6, MMP-13, and PTGS2 protein production (Figures 2G,H). Moreover, DEX also restored TNF-α-induced downregulation of COL2A and reversed TNF-α-induced IL-1β, IL-6, and MMP-13 protein production (Figures 2I,J). Finally, 20 and 30 μM HPT also restored TNF-α-induced downregulation of COL2A and reversed TNF-α-induced IL-1β and MMP-13 protein production (Figures 2K,L). These findings indicated that HPT could activate cartilaginous ECM synthesis and suppress the associated TNF-α-induced expression of inflammatory genes.
[image: Figure 2]FIGURE 2 | HPT recovered TNF-α-induced abnormal expression of genes and proteins. (A–F) After stimulated chondrocytes with TNF-α and then treated them with or without 10 μM HPT for 48 h, the mRNA expression levels of ACAN, COL2A, IL-1β, IL-6, MMP-13, and PTGS2. (G, H) After stimulated chondrocytes with TNF-α and then treated them with or without 10 μM HPT for 48 h, the protein expression levels of IL-1β, IL-6, PTGS2 and (cartilage matrix markers) COL2A, ACAN, MMP13. (I, J) After stimulated chondrocytes with TNF-α and then treated them with/without 10 μM HPT or DEX for 48 h, the protein expression levels of IL-1β, IL-6, and (cartilage matrix markers) COL2A and MMP13. (K, L) After stimulated chondrocytes with TNF-α and then treated them with or without 10, 20, and 30 μM HPT for 48 h, the protein expression levels of IL-1β and (cartilage matrix markers) COL2A and MMP13. According to the intensity of semiquantitative IOD through the ImageJ software, *p < 0.05 was considered as a significant difference from the control group; #p < 0.05 was considered as a significant difference from TNF-α.
Effects of HPT on TNF-α-Induced Expression of Proliferative Gene/Protein
The qRT-PCR and Western blotting were used to investigate the gene and protein expression of Bcl-2, CDK1, and Cyclin D1. The results showed that TNF-α significantly decreased Bcl-2, CDK1, and Cyclin D1 mRNA levels (*p < 0.05; TNF-α vs. control), while HPT recovered these gene levels (#p < 0.05; TNF-α + HPT vs. TNF-α) (Figures 3A–C). Similar to the transcription level, the decreased Bcl-2, CDK1, and Cyclin D1 levels induced by TNF-α were restored to the control group level in the group with TNF-α + HPT (*p < 0.05, TNF-α vs. control; #p < 0.05, TNF-α + HPT vs. TNF-α) (Figures 3D,E). We further investigated the cell cycle to determine whether HPT protects chondrocytes against the inhibitory effect of TNF-α on the proliferation of chondrocytes by flow cytometry. The results showed significant decreases in the S phase following TNF-α treatment (*p < 0.05; TNF-α vs. control), while the percentages of chondrocytes in the S phase were restored to the control group level in the group with TNF-α + HPT (#p < 0.05; TNF-α + HPT vs. TNF-α) (Figures 3F,G).
[image: Figure 3]FIGURE 3 | The effect of HPT on the cell cycle of chondrocytes induced by TNF-α. (A–E) The expression levels of apoptosis and cycle-related genes and proteins after stimulated chondrocytes with TNF-α and then treated them with or without 10 μM HPT for 48 h. *P < 0.05 was considered as a significant difference from the control group; #p < 0.05 was considered as a significant difference from TNF-α. (F, G) Flow cytometry used to detect the effect of HPT on the chondrocytes cycle. Counted the percentages of the G2/M phase, s phase, and G1 phase, make statistical comparisons. There are three replicates for each concentration point. *P < 0.05 was considered as a significant difference from the control group; #p < 0.05 was considered as a significant difference from TNF-α.
DEGs Identification and Pathway Enrichment Analysis
The RNA-seq experiments were performed in cells affected by TNF-α induction with or without HPT treatment to further investigate the protective and anti-inflammatory mechanism of HPT in TNF-α-induced chondrocytes. The results demonstrated that compared with the TNF-α group, there were many differentially expressed genes (DEGs) in chondrocytes treated with TNF-α and 10 μM HPT, of which 105 genes were upregulated and 444 genes were downregulated (Figure 4A). Furthermore, GO functional annotations were made on the identified DEGs, which were highly involved in cell processing, biological regulation, metabolic processes, and biological process regulation (Figure 4B). Furthermore, the KEGG signaling pathway enrichment analysis indicated that these DEGs were highly enriched in functions related to the longevity-regulating pathway, regulation of lipolysis in adipocytes, insulin signaling pathway, AMPK signaling pathway, and glucagon signaling pathway (Figure 4C).
[image: Figure 4]FIGURE 4 | Gene expression profile with or without 10 µM HPT treatment. (A) Volcano map of differentially expressed genes (DEGs) in HPT and control (upregulation: 105; downregulation: 444), FC (fold change) > 1 was considered as a positive DEGs. (B) GO enrichment those common choices for DEGs including biological processes (blue), cellular components (orange), and molecular functions (light blue). (C) Enrichment bubble chart based on the KEGG enrichment analysis. A larger p value indicates a higher degree of enrichment.
HPT Relieves TNF-α-Induced Inflammation of Chondrocytes through the AMPK Signaling Pathway
Based on the results of highly enriched signaling pathways, we selected AMPK signaling pathways for further analyses. Western blot analysis showed that TNF-α induction suppressed the phosphorylated-/total-AMPKα1 (p/t-AMPKα1) ratios; however, the phosphorylation of AMPKα1 increased after HPT supplementation (Figures 5A,B) (*p < 0.05). Furthermore, immunofluorescence staining with p-AMPKα1 was performed, which further supported the Western blot results (Figure 5C), indicating that HPT plays a key role in the activation of AMPK phosphorylation in chondrocytes. To determine the role of the AMPK signaling pathway in HPT-induced alleviation of inflammation, we examined the effect of HPT on TNF-α-induced inflammation with or without compound C, a selective AMPK inhibitor. Inhibition of AMPK activation by compound C abolished the HPT-induced decrease in IL-1β and MMP-13 levels (Figures 5D–F) (ap < 0.05). In addition, it also diminished the upregulation of p-AMPKα1 and COL2A expression by HPT treatment (Figures 5D,G,H) (ap < 0.05). These data suggested that HPT relieves TNF-α-induced inflammation of chondrocytes through the AMPK signaling pathway.
[image: Figure 5]FIGURE 5 | AMPK signaling pathway participates in the protective effect of HPT on TNF-α-stimulated rat chondrocytes. (A, B) Protein expression profile of p-AMPKα1 cultured under TNF-α conditions with or without HPT. (C) Immunofluorescence of p-AMPKα1 in chondrocytes treated with TNF-α and/or HPT. (D–H) Protein expression profile of IL-1β, MMP13, COL2A, and p-AMPKα1 cultured under the condition of HPT with or without and TNF-α with or without CC. For statistical analysis, *p < 0.05 was considered as a significant difference from the control group; #p < 0.05 was considered as a significant difference from TNF-α. aP < 0.05 was considered as a significant difference from TNF-α + HPT.
HPT Prevents Cartilage Degradation in the Rat Model
ACLT was used to establish the rat OA model. Healthy rats served as a control group. HPT was locally injected into the joint cavity 4 weeks after ACLT surgery. As shown in Figure 6, the articular cartilage had a regular shape in the healthy group. The articular cartilage morphology in the OA group was uneven, with reduced cartilage thickness compared with the healthy group. The articular cartilage in the HPT group was more regular, with significantly higher cartilage thickness compared with the OA group. The cartilage matrix of the OA group was significantly thinner than that of the healthy group (*p < 0.05). HPT treatment significantly changed this situation (#p < 0.05). In addition, compared with the healthy group, the histological score of the OA group was significantly different (*p < 0.05); however, DEX and HPT treatment significantly improved cartilage degeneration, and the histological score was significantly different from that of the OA group (#p < 0.05), indicating that HPT treatment successfully inhibited cartilage degeneration. In addition, the expression of p-AMPKα1 was measured in vivo by immunofluorescent staining (Figure 6). The result showed that TNF-α induction suppressed the phosphorylation of AMPKα1; however, the phosphorylation level of AMPKα1 was recovered after DEX and HPT supplementation.
[image: Figure 6]FIGURE 6 | Histological analysis of knee cartilage after HPT treatment (H&E, safranin-O/green, and IF), magnified 100 times. For statistical analysis, *p < 0.05 was considered statistically significant compared with healthy; #p < 0.05 was considered statistically significant with OA. DEX, dexamethasone as positive control.
DISCUSSION
OA is a chronic disease with low-grade inflammation (Haseeb and Haqqi, 2013; Bartels et al., 2016). Thus, inhibition of inflammation is considered a strategy to delay the progression of OA (Robinson et al., 2016). However, there is currently no medication available to cure OA or decelerate its progression. Recently, an increasing number of natural compounds have caused concerns as ideal drugs for OA due to their anti-inflammatory activities and limited side effects (Wang et al., 2020a). Thus, a drug, like HPT, with an anti-inflammatory function that delays the structural progression of the disease, represents a novel class of drugs to treat OA.
Growing evidence indicates that HPT positively affects anti-inflammatory reactions (Spagnuolo et al., 2018; Khan et al., 2020). Inflammatory mediators, such as TNF-α, IL-1β, and IL-6, can induce metabolic factors such as PTGS2 and MMPs, leading to articular cartilage degeneration (Oliviero et al., 2020). It has been reported that HPT exerts marked anti-inflammatory effects in mice with neurodegeneration (Ikram et al., 2019) and postmyocardial infarction (Wang et al., 2017). It has also been reported that HPT can significantly inhibit IL-1β-induced inflammatory response in human chondrocytes in osteoarthritis (Lin et al., 2020). In this study, HPT activated cartilaginous ECM synthesis and suppressed the associated TNF-α-induced expression of inflammatory genes. Furthermore, HPT at 10 μM concentration promoted the proliferation of chondrocytes slightly. The RT-qPCR, Western blotting, and flow cytometry results also showed that HPT reversed the inhibitory effect of TNF-α on chondrocyte proliferation. It also has been reported that HPT can protect HK-2 cells by reducing the apoptosis induced by cisplatin (Chen et al., 2019). The above finding shows that HPT can protect chondrocytes. However, the related signaling pathways and molecular mechanisms of HPT in chondrocytes remain unclear.
HPT can inhibit inflammatory responses in lipopolysaccharide-induced RAW 264.7 cells via the inhibition of the NF-κB pathway and activation of the Nrf2/HO-1 pathway (Ren et al., 2016). Researchers found that HPT inhibits IL-1β-induced inflammation in human OA chondrocytes by suppressing NF-κB and initiating the Nrf2/HO-1 pathway (Lin et al., 2020). However, the RNA-seq experiment was used to investigate the protective and anti-inflammatory mechanisms of HPT in TNF-α-induced chondrocytes in the present study. Enrichment analysis of the KEGG signaling pathway showed that important DEGs are highly enriched in the longevity regulating pathway, regulation of lipolysis in adipocytes, insulin signaling pathway, AMPK signaling pathway, and glucagon signaling pathway, among which activating the AMPK signaling pathway can slow down the development and progression of OA (Li et al., 2020). AMPK is the main regulator of energy balance and metabolism. Decreased AMPK activity can be assessed by AMPK-catalyzed phosphorylation of a specific threonine in the α subunit (AMPKα1) (Stein et al., 2000). Therefore, we evaluated the phosphorylation level of AMPKα1 in chondrocytes and showed that TNF-α reduced the phosphorylation level of AMPKα1. Immunofluorescence staining also confirmed this finding, which is consistent with previous studies demonstrating that decreased phosphorylation of AMPKα1 is also seen in chondrocytes in response to TNF-α (Terkeltaub et al., 2011). Furthermore, flavonoids have always been considered natural AMPK agonists, and many of their pharmacological activities depend on the activation of AMPK (Gentile et al., 2018). The present study showed that HPT plays a key role in the activation of AMPK phosphorylation in chondrocytes.
We examined the effect of HPT on TNF-α-induced inflammation with or without compound C, a selective AMPK inhibitor, to determine the role of the AMPK signaling pathway in HPT-induced alleviation of inflammation. Further verification experiments showed that HPT relieves TNF-α-induced inflammation of chondrocytes through the AMPK signaling pathway. It has also been demonstrated that AMPKα1 deficiency in chondrocytes accelerates the development of both injury-induced and age-related spontaneous OA in mice (Zhou et al., 2017). Furthermore, it is well known that the activation of AMPK can inhibit the inflammatory response by inhibiting the function of the NF-κB signaling pathway (Salminen et al., 2011). Therefore, we speculate that HPT can be regulated through the AMPK signaling pathway to protect chondrocytes.
This study established an ACLT rat model and locally administered HPT treatment to further determine the therapeutic effect of HPT on OA. The ACLT-induced OA model we established is very similar to human osteoarthritis, and our previous studies have been reported (Wang et al., 2020a). It has also been reported that the ACLT model accompanied the activation of TNF-α (Xie et al., 2018). Besides, restabilization of joint instability by ACLT may suppress inflammatory cytokines (TNF-α), thereby delaying the progression of OA (Murata et al., 2017). Previous studies have also demonstrated that HPT can inhibit the development of OA induced by the DMM model (Lin et al., 2020). Our research results showed that HPT treatment could significantly inhibit the inflammatory response of the ACLT-induced OA model. Furthermore, HPT treatment could delay the progression of articular cartilage degeneration, and the cartilage defects in the rat knee joint were significantly restored, with increased cartilage thickness. Furthermore, the in vivo study provided evidence that HPT prevented the occurrence and development of OA by reducing cartilage degradation, delaying cartilage surface erosion, and maintaining chondrocyte formation. In conclusion, this study suggests that HPT might be used as a potential therapeutic agent for OA.
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Berberine is a natural plant alkaloid isolated from a diverse range of genera, it obtains anti-inflammatory, anti-obesity, and hepatoprotective properties, and is a promising agent for non-alcoholic steatohepatitis (NASH). Farnesoid X receptor (FXR) is a bile acid receptor and a drug target for NASH, however, the underlying mechanisms of berberine on regulating FXR are still unknown. In the present study, we feed mice with a 12-week high-fat diet with interval dextran sulfate sodium (0.5% in drinking water) diet to induce NASH, and treat the mice with berberine (100 mg/kg per day) via oral gavage for additional 4 weeks. We demonstrate that administration of berberine alleviates steatosis and infiltration of inflammatory cells in the liver of NASH mice. We apply 16S ribosomal DNA sequencing to screen the structure of gut microbiota, and ultra-performance liquid chromatography-tandem mass spectrometry analysis to determine the bile acid profiles. The results show that berberine modulates gut dysbiosis, and specifically increases the relative abundance of Clostridiales, Lactobacillaceae, and Bacteroidale. Berberine modulated microbiomes are associated with bile acid de-conjugation and transformation, which are consistent with the altered bile acid species (e.g., deoxycholic acid, ursodeoxycholic acid) upon berberine treatment. BA species that respond to berberine treatment are known FXR agonists, thus we performed quantitative Real Time-PCR and western blot to examine the FXR pathway, and find that berberine up-regulates intestinal FXR and fibroblast growth factor 15 (FGF15) expression, and the secretion of FGF15 further inhibits lipogenesis and nuclear factor-κB activation in the liver. Whereas the beneficial effects of berberine are blunted in FXR knockout mice. Our results reveal that berberine alleviates NASH by modulating the interplay of gut microbiota and bile acid metabolism, as well as the subsequent intestinal FXR activation.
Keywords: berberine, non-alcoholic steatohepatitis (NASH), gut microbiota, bile acids, farnesoid X receptor (FXR)
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is becoming a world epidemic currently, the histopathologic spectrum of NAFLD includes simple steatosis, nonalcoholic steatohepatitis (NASH), fibrosis, and hepatocellular carcinoma (Pataky et al., 2016). Although simple steatosis is considered to be benign, the presence of inflammation and injury in NASH usually indicates the liver injury (Takaki et al., 2014), and approximately 30% of NASH patients could eventually develop into cirrhosis or hepatocellular carcinoma (Adams et al., 2005; Ekstedt et al., 2006). Dietary management and lifestyle modification are the first-line recommendations for NASH treatment, however, many patients are difficult to maintain the pattern for a prolonged period of time, making pharmaceutical therapy in urgent need. Since the mechanisms of NASH are profound and are only partially understood, there are no approved drugs in the NASH field.
Berberine (BBR) is a natural product that is principally isolated from herbs such as Coptis chinensis Franch. [Ranunculaceae], Phellodendron chinense C.K.Schneid. [Rutaceae], Hydrastis canadensis L. [Ranunculaceae], Berberis aquifolium Pursh [Berberidaceae], and Berberis vulgaris L. [Berberidaceae] (Neag et al., 2018). BBR is initially used as an anti-microbial agent for infective diarrhea. Since the 1980s, BBR has been reported to be beneficial for metabolic disorders such as type 2 diabetes (Yin et al., 2008; Lan et al., 2015; Belwal et al., 2020), dyslipidemia (Guo et al., 2019), NAFLD/NASH (Zhou et al., 2019) among others. However, the effects of BBR contrast with its low bioavailability, thus gut microbiota, as well as microbiota-derived metabolites, are proposed as the critical mechanisms for BBR (Zhang et al., 2020). The reciprocal interaction of bile acids (BAs) and gut microbiota has long been recognized. BAs undergo enterohepatic circulation several times per day, the primary BAs that are produced in the liver can convert to secondary BAs by the action of microbiomes, whereas the anti-microbial properties of BAs determine the growth of certain microbial species. BA receptor farnesoid X receptor (FXR) is a promising drug target for NASH, and FXR agonists are currently tested in clinical trials for NASH (Gonzalez et al., 2016; Schmidt et al., 2017). While the unwanted side effects of exogenous FXR agonists are difficult to avoid, endogenous FXR activation might be an alternative choice. Studies proposed that BBR administration decreased the enrichment of Clostridium, and inhibited the deconjugation of primary BA, e.g., taurine conjugated cholic acid (TCA), which activated intestinal FXR in physiologically healthy and obese mice (Sun et al., 2017; Tian et al., 2019). However, whether the regulation of BBR on gut microbiota and BA metabolism activates intestinal FXR in NASH is still unknown.
In the present study, we show that BBR administration potently improves hepatic steatosis and reduces infiltration of inflammatory cells in the liver of NASH mice. Applying 16S ribosomal DNA (16SrDNA)-based microbiota analysis and BA profiling, we demonstrate that BBR treatment remodels the structure of gut microbiota and alters the composition of BA species in NASH mice. The increase of certain BA species, e.g., deoxycholic acid (DCA), chenodeoxycholic acid (CDCA) in the intestine might activate FXR-fibroblast growth factor 15 (FGF15) axis, and further suppresses lipogenesis and inflammation in the liver. We also demonstrate that the beneficial effects of BBR are abolished in FXR knock-out mice. These findings thus suggest that intestinal FXR activation is one of the underlying mechanisms of BBR on NASH mice.
MATERIALS AND METHODS
Chemicals and Reagents
Berberine hydrochloride was purchased from Shanghai Source Leaf Biological Technology Co., Ltd. (Shanghai, China), the purity of BBR is ≥98%. Oil red O reagent, high-performance liquid chromatography grade formic acid and ammonium acetate, and BA standards including cholic acid (CA), CDCA, DCA, ursodeoxycholic acid (UDCA), α, β and ω muricholic acids (MCA), tauroursodeoxycholic acid (TUDCA), taurochenodeoxycholic acid (TCDCA), tauro α-muricholic acid (TαMCA), tauro β-muricholic acid (TβMCA), tauro ω-muricholic acid (TωMCA), TCA, and taurodeoxycholic acid (TDCA) were obtained from Sigma-Aldrich (St. Louis, Mo, United States) and the purity of the above reagents was higher than 98%.
Animals
Male C57BL/6J mice (6–8 weeks old, 22 ± 2 g) were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Male FXR knockout (FXR−/-) mice on a C57BL/6J background were given as a present by Prof. Li Yang from Shanghai University of Traditional Chinese medicine. After 1-week acclimatization, the mice were fed with chow diet (normal control group, n = 8) or high-fat diet (HFD, 60% of calories derived from fat, Research Diets, NJ, United States) supplemented with 1% dextran sulfate sodium (DSS) in drinking water periodically (7-day DSS administration followed by a 10-day interval). After 12 weeks of the diet, the HFD-DSS fed C57BL/6J mice were then randomly divided into NASH group (vehicle control, continuously supply of HFD-DSS, n = 8) and BBR-treated group (with HFD-DSS and BBR treatment, n = 8). The LD50 of BBR is 713.58 mg/kg in mice, and the present study applied the routine dosage of 100 mg/kg/d to the NASH mice. BBR was suspended in 0.5% carboxymethyl cellulose sodium solution (CMC-Na) and administered to the mice by gavage (0.1 ml/10 g body weight) once a day for 4 weeks, the normal control and vehicle control (NASH) mice were given an equal volume of 0.5% CMC-Na solution. For HFD-DSS fed FXR−/−mice, BBR and vehicle treatment were the same as C57BL/6J mice. All animals were maintained under controlled temperature (25°C ± 2°C) and humidity (60 ± 5%) at a 12 h light-dark cycle, and access to food and water ad libitum. Food consumption and body weight were recorded weekly. The animal experiments were all approved by the Animal Experiment Ethics Committee of Shanghai University of Traditional Chinese Medicine.
Serum and Liver Biochemical Parameters Analysis
At the end of the experiment, all animals were fasted for 12 h, anesthetized intraperitoneally with 2% pentobarbital sodium, and sacrificed. To obtain the serum samples, blood was collected and centrifugated at 4°C, 3,000 rpm for 15 min. Serum lipid profiles including triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), and serum enzymes as indicators of liver damage such as alanine transaminase (ALT) and aspartate transaminase (AST) were analyzed using the Hitachi full-automatic system.
For measurement of hepatic TG content, liver tissues were rapidly excised and rinsed with precooled normal saline, the same portion of liver samples were cut and homogenized with 10 volumes of ice-cold ethanol in a homogenizer. The homogenate was extracted overnight at 4°C and centrifuged at 4°C, 3,000 rpm for 15 min. The organic layer was removed and the content of TG and TC were measured using commercial kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer’s instruction.
Liver Histopathologic Evaluation
Liver histological changes were examined according to the previously described method (Li Q. et al., 2020). Briefly, for hematoxylin and eosin (H&E) staining, liver tissues were fixed in 10% formalin solution for 24 h, dehydrated, paraffin-embedded, sectioned to ∼5 μm thickness, and stained with H&E reagent (Kohypath, Shanghai, China). For Oil Red O (ORO) staining, frozen liver tissues were embedded in Tissue-Tek OCT Compound (Sakura, Tokyo, Japan), cut into ∼8 μm frozen sections, and stained with ORO reagent (Sigma, St. Louis, MO, United States). Images were captured under a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan) with a magnification of 200×.
Fecal 16S rDNA Analysis
Fecal samples were collected from the cecum of the mice, and total DNA in feces was isolated using the Qiagen QIAmp® Fast DNA Stool Mini Kit (Qiagen, CA, United States) according to the recommended protocol. The extracted DNA from each sample was used as a template to amplify the V3-V4 region of bacterial 16S rDNA genes of distinct regions was carried out by PCR, and then further gel-purified and quantified. Purified amplicons were pooled in equimolar and sequenced on the Illumina MiSeqTM platform (paired-end) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw sequencing reads were generated and quality-filtered by QIIME version 1.9.1 with optimized parameters and analyzed using Mothur version 1.33.0 (http://www.mothur.org/), UPARSE version 7.1 (http://drive5.com/uparse/) and R version 3.6.1 (http://www.R-project.org/). The raw data of 16S rDNA was deposited at https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA753953.
Bile Acids Profiling Analysis Using Ultra-Performance Liquid Chromatography Tandem-Mass Spectrometry
Serum, liver, and fecal samples were collected, and the BAs were extracted and quantified by ultra-performance liquid chromatography tandem-mass spectrometry (UPLC/MS) according to our previous research (Li Q. et al., 2020).
Western Blot Analysis
Liver tissues were lysed with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) with protease and phosphatase inhibitors (Roche, Indiana, United States). The prepared protein was separated by 12% SDS-PAGE, transferred to polyvinylidene difluoride membranes (Millipore, Temecula, CA, United States), and incubated with the primary antibody and secondary antibody, respectively. Anti-FXR, anti-FGF15, and anti-small heterodimer partner (SHP) were obtained from Abcam (Cambridge, United Kingdom), anti-cholesterol 7-alpha hydroxy-lase (CYP7A1) and anti-cytochrome P450, family 8, subfamily B, polypeptide 1 (CYP8B1) were purchased from Santa Cruz Biotechnology (Texas, CA, United States), anti-nuclear factor-κB (NF-κB) p65 and anti-NF-κB P-p65 were purchase from Cell Signaling Technology (Beverly, MA, United States). As an internal control, β-actin was purchased from HuaBio (Hangzhou, China). Anti-rabbit IgG and anti-mouse IgG was obtained from Cell Signaling Technology (Beverly, MA, United States). The bands were visualized by ECL chemiluminescence detection kit (Millipore, MA, United States), and quantified using the Tanon 5200 Chemiluminescent Imaging System (Tanon Science & Technology Inc., Shanghai, China).
Quantitative Real Time-PCR Analysis
Quantitative Real Time-PCR (RT-qPCR) was conducted as described previously (Li Q. et al., 2020). Briefly, total RNA was extracted from liver and intestinal tissues using TRIzol reagent (Thermo Fisher Scientific, United States), reversely transcribed into cDNA by reverse transcription kits (Promega, Madison, WI, United States), and subjected to PCR on a StepOne Applied PCR system (Applied Biosystems, Carlsbad, CA, United States) using PowerUp SYBR Green Master Mix (TOYOBO, Osaka, Japan). The relative gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using a 2−ΔΔCt method. The gene function and primer sequences were listed in Table 1.
TABLE 1 | Primers used for mRNA analysis.
[image: Table 1]Statistical Analysis
The quantitative data were presented with mean ± SEM and analyzed by one-way analysis of variance (ANOVA) and unpaired two-tailed Student’s t-test using SPSS 18.0 statistical software (Chicago, IL, United States) and GraphPad Prism version 8.0 (San Diego, CA, United States). p < 0.05 was considered statistically different.
RESULTS
Berberine Alleviates Non-Alcoholic Steatohepatitis in HFD-DSS Induced Mice
To address the effects of BBR on NASH, we used HFD-DSS induced NASH model. The treatment of DSS is shown to increase portal liposaccharide (LPS) level and therefore exacerbates the progression of NASH (Gabele et al., 2011; Achiwa et al., 2016). Mice fed with HFD-DSS demonstrated a typical NASH phenotype as evidenced by increased body weight and liver weight, obvious hepatic steatosis and inflammation, as well as increased liver TG content. During the 4-week treatment, all the mice were well-groomed, alert, active and showed good condition. The stool color of BBR-treated mice was a little bit yellow due to the drug administration. BBR treatment significantly reduced body weight and liver weight by 10 and 8%, respectively (Figures 1A,B), improved hepatic steatosis and inflammation (Figures 1C,D), and reduced liver TG content by approximately 30% (Figure 1E). The serum levels of AST and ALT in NASH mice were significantly increased, and BBR treatment could decrease the serum ALT and AST levels by 30% each (Figure 1C). Assembly, serum TG, TC, and LDL-c levels were increased in NASH mice, and BBR treatment partially restored these parameters (Figure 1F). These results implied that BBR exhibits robust efficacy against NASH in HFD-DSS fed mice.
[image: Figure 1]FIGURE 1 | Effects of BBR on HFD-DSS induced NASH mice. (A) Body weight; (B) Liver weight; (C) Serum ALT and AST levels; (D) Representative H&E and ORO staining images of liver sections (magnification 200×); (E,F) Liver TG and TC content; (G) Serum TG, TC and LDL-c levels. Data are expressed as mean ± SEM, eight animals are allocated for each group. *p < 0.05, **p < 0.01; ***p < 0.001 between groups.
Berberine Reshaped Gut Microbiota in Non-Alcoholic Steatohepatitis Mice
Gut dysbiosis is associated with the pathogenesis of NASH, and modulating gut microbiota is reported to contribute to the efficacy of BBR in various diseases. Here we analyzed the overall structural changes of gut microbiota in response to BBR by 16S rDNA sequencing. A total of 3,274 operational taxonomic units (OTUs) were captured. UniFrac distance-based principal coordinate analysis (PCoA) (Figure 2A) and Bray-Curtis distance (Figure 2B) analysis revealed distinct clustering of microbe communities among control mice, NASH mice, as well as BBR treated mice. To assess the overall composition of the bacterial community in different groups, we analyzed the degree of bacterial taxonomic similarity at the phylum level. Compared to control mice, NASH mice displayed a higher Firmicutes-to-Bacteroidetes ratio due to the significant decrease in the relative abundance of Bacteroidetes, whereas BBR treatment increased the relative abundance of Bacteroidetes (Figure 2C). At the family level, BBR treatment significantly increased the relative abundance of Clostridiales, Lactobacillaceae, and Bacteroidale (Figures 2D–G). Assembly, these increased bacteria are participating in bile salt hydrolase (BSH) activity and secondary BA production, suggesting that BBR reshapes gut microbiota and might affect BA profiles in NASH mice.
[image: Figure 2]FIGURE 2 | BBR reshapes gut microbiota in NASH mice. (A) PCoA analysis based on the unweighted UniFrac analysis of OTUs; (B) Bray-Curtis distance analysis of OTUs; (C) Mean phylum abundance of OTUs; (D) Mean family abundance of OTUs; (E–G) The relative abundance of Clostridiales, Lactobacillaceae and Bacteroidaies. Data are expressed as mean ± SEM of six animals per group. *p < 0.05, **p < 0.01; ***p < 0.001 between groups.
Berberine Altered Bile Acids Profiles in Non-Alcoholic Steatohepatitis Mice
The interaction of gut microbiota and BA metabolism has been reported in NASH development and progression (Sydor et al., 2020). Enriched BSH producing microbiomes upon BBR treatment indicated that the BA profiles might alter accordingly. BBR treatment decreased the total BA levels in the liver (Figure 3A) and serum (Figure 3B) and increased the content of fecal BAs (Figure 3C). BA profiling (Supplementary Tables S1–S3) showed that fecal CDCA, UDCA, DCA, and MCA of NASH mice were all significantly increased in response to BBR treatment, whereas the conjugated BAs in feces were unchanged (TDCA, TCA, TωMCA) or decreased (TβMCA) upon BBR treatment (Figure 3D). BBR remarkably decreased the percentage of liver βMCA and TβMCA (Figure 3E), but had no obvious effects on serum BA profiles (Figure 3F). These results suggest that BBR promotes intestinal unconjugated and secondary BA production in NASH mice.
[image: Figure 3]FIGURE 3 | BBR alters BA profiles in NASH mice. The total BA levels in the (A) liver, (B) serum and (C) feces. The ratio of BA species of (A) feces, (B) liver and (C) serum in control, NASH and BBR-treated mice. Data are presented as mean ± SEM (n = 8 per group). *p < 0.05, **p < 0.01 between groups.
Berberine Activated Intestinal Farnesoid X Receptor Signaling
Certain BA species (e.g., DCA, UDCA) that are mediated by BBR are known FXR agonists, so we next investigated the protein expression of intestinal FXR in mice. The protein expression of intestinal FXR showed a 50% decrease in NASH mice, and BBR treatment could reverse the decrease of FXR expression (Figures 4A,B, Supplementary Figure S1). Up-regulation of intestinal FXR promotes the production of FGF15 in epithelium cells, and BBR-treatment prevented the decrease of intestinal FGF15 levels in NASH mice. Intestine-derived FGF15 may enter the liver through the portal vein, and the liver FGF15 expression was also significantly increased upon BBR treatment. We also detected the mRNA expression of liver FXR, SHP, and FGFR4, but did not find any statistical difference between NASH mice and BBR treated mice (Figure 4C). FGF15 is a suppressor of BA synthesis, and CYP7A1 and CYP8B1 are the main enzymes of BA synthesis that could convert cholesterol into CA, CDCA, and β-MCA. We found that the protein expression of CYP7A1 and CYP8B1 of BBR treated mice were all significantly decreased in comparison to untreated NASH mice, whereas the expression of liver FXR and SHP was not statistically different between BBR treated mice and untreated NASH mice (Figure 4D; Supplementary Figure S2). These results indicate that the activation of intestinal but not liver FXR inhibits the BA synthesis.
[image: Figure 4]FIGURE 4 | BBR regulates FXR signaling in NASH mice. (A) The protein expression of intestinal FXR and FGF15, and (B) the mRNA expression of FXR, SHP and FGF15. (C) Liver mRNA expression of FXR, SHP, FGFR4 and FGF15. (D) The protein expression of FXR, SHP, CYP7A1 and CYP8B1 between NASH mice and BBR treated mice. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001 between groups.
Berberine Suppressed Liver Inflammation
To confirm the effect of BBR on intestinal FXR activation and FGF15 secretion, we detected the downstream lipogenesis genes in the liver, and found that BBR treatment significantly decreased the mRNA expression of sterol-regulatory element-binding protein 1 (SREBP1), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and stearoyl-CoA desaturase-1 (SCD1) in NASH mice (Figure 5A), suggesting the suppression of de novo lipogenesis upon BBR treatment. In addition, BBR treatment decreased the ratio of phosphorylated p65 to total p65 (Figure 5B; Supplementary Figure S3), indicating the suppression of NF-κB activation in the liver. Accordingly, the mRNA expression of inflammatory cytokines tumor necrosis factor alpha (TNF-α) (Figure 5C) and interleukin-6 (IL-6) (Figure 5D) was also decreased in BBR treated mice. These results indicate that BBR suppresses lipogenesis and inflammatory pathways via intestinal FXR activation.
[image: Figure 5]FIGURE 5 | BBR suppresses liver inflammation in NASH mice. (A) The mRNA expression of SREBP1c, ACC, FASN and SCD1 in the liver; (B) The protein expression of p65 and P-p65 in the liver; (C,D) The mRNA expression of TNF-α and IL-6 in the liver. Data are presented as mean ± SEM (n = 3 per group). *p < 0.05, **p < 0.01; ***p < 0.001 between groups.
The Effect of Berberine was Abolished in FXR−/− Mice
To confirm the effect of BBR on FXR, we conducted experiments on FXR−/− mice. The results showed that BBR treatment has no effect on body weight and liver weight in FXR−/− mice (Figure 6A). The serum levels of ALT and AST were also comparable between BBR treated and untreated FXR−/− mice (Figure 6B). FXR−/- mice demonstrated obvious hepatic steatosis and inflammatory cell infiltration in the liver, whereas the effects of BBR on improving hepatic steatosis were negligible in FXR−/− mice (Figures 6C,D). Consistently, the serum levels of TG, TC, and LDL-c, as well as the mRNA expressions of TNF-α and IL-6 were not statistically different between BBR treated and untreated FXR−/− mice (Figures 6E,F). These results suggest that the beneficial effects of BBR are abolished in FXR−/- mice.
[image: Figure 6]FIGURE 6 | The effect of BBR on FXR−/− mice. (A) The body weight and liver weight. (B) Serum ALT and AST levels. (C) Representative H&E staining images of liver sections (magnification 200×). (D) Liver TG content. (E) Serum TG, TC and LDL-c levels. (F) The mRNA expression of TNF-α and IL-6 in the liver. Data are presented as mean ± SEM (n = 6 per group).
DISCUSSION
The lipid-lowering and anti-inflammatory effects of BBR are of clinical value in treating NASH. In this study, we found that BBR treatment significantly improves hepatic steatosis and inflammation, as well as dyslipidemia in NASH mice, and beneficial effects are associated with the regulation of gut microbiota and BA metabolism, which further activate intestinal FXR and promote FGF15 secretion. These data reveal that intestinal FXR activation might contribute to the improvement of BBR on NASH (Figure 7).
[image: Figure 7]FIGURE 7 | Graphic summary of the study.
NAFLD is considered to be the hepatic manifestation of the metabolic syndrome, and the pathogenesis of the progressive form NASH is elusive, arising a series of hypotheses, and of them, the “multi-parallel- hits” theory is the most popular one (Younossi, 2008). The theory emphasizes the pathological factors of the liver, and also from peripheral tissues (adipose, gut, etc.). Considering the characteristics of the distribution and excretion of active metabolites in the BBR pharmacokinetics study, as well as the contribution of gut-derived endotoxins to NASH development, we adopted HFD-DSS induced NASH mouse model. Studies revealed that DSS could increase portal LPS level and exaggerate the development of NASH, suggesting that the alteration of the gut environment is a potential risk for NASH (Gabele et al., 2011; Achiwa et al., 2016).
BBR is a kind of benzylisoquinoline alkaloids and reported to reshape gut microbiota in NASH patients and animals. A randomized, parallel controlled, open-label clinical trial has been conducted to evaluate the effects of BBR on NAFLD, and the 16-week BBR treatment (0.5 g, PO, tid) has shown better improvement in reducing body weight and serum lipid profile in comparison to pioglitazone (15 mg, PO, qd) in NAFLD patients (Yan et al., 2015). In mildly overweight patients with NAFLD, 1-month BBR intervention reduces body weight and improves insulin resistance (Wu et al., 2019). Under physiological conditions, administration of BBR to C57BL/6 mice is reported to decrease Firmicutes-to-Bactrodetes ratio, enrich Bacteroides and decrease secondary BAs (DCA, LCA, etc.) in the liver and serum of the mice (Guo et al., 2016). It is reported that Firmicutes-to-Bacteroidetes ratio increase is a typical feature of obese mice (Gu et al., 2019) and humans (Monga Kravetz et al., 2020), whereas weight loss is often accompanied by a higher abundance of Bacteroidetes. In our study, NASH mice showed increased Firmicutes-to-Bactrodetes ratio as the relative abundance of Firmicutes increased and Bacteroidetes decreased, whereas BBR treatment reversed the ratio. At the family level, BBR treatment enriched the abundance of Bacteroidetes, which is actively involved in the BSH activity. BSH catalyzes the hydrolysis of the amino group from the conjugated BAs to produce unconjugated BAs, which is a prerequisite for the subsequent secondary BA production (Enright et al., 2017). BSH-producing microbiomes such as Bacteroides, Clostridium, Lactobacillus, Bifidobacterium, Listeria, Eubacterium, Escherichia, Eggerthella, Peptostreptococcus, and Ruminococcus have been reported to be involved in BA conversion (Urdaneta and Casadesus, 2017; Jia et al., 2018). Lactobacillus that over-expressing BSH induces reduced cholesterol absorption and accelerated cholesterol transportation, which counters hypercholesterolemia in high-cholesterol-diet animals (Wang et al., 2019). Clinical investigation revealed that the abundance of intestinal Bacteroides fragilis and Bacteroides dorei is decreased in NASH patients compared with healthy controls (Zhang et al., 2019).
Previous studies suggest that LDL receptors, adenosine 5′-monophosphate-activated protein kinase, as well as glucokinase are involved in the actions of BBR. Due to the low bioavailability of BBR, recent studies have been concerned more about the function of BBR on the intestinal FXR. Short-term BBR exposure reduces Clostridium cluster XIVa and IV, and activates the intestinal FXR due to the accumulation of TCA, indicating that BBR alters BA metabolism and activates FXR signaling through directly modulating gut bacteria (Tian et al., 2019). In HFD-induced obese mice, the lipid-lowering effect, as well as the anti-obesity potential of BBR, are associated with the increase of serum TCA level and the intestinal FXR activation, however, BBR fails to prevent HFD-induced obesity in intestine-specific FXR knockout mice (Sun et al., 2017). Here we identified the altered BA species (DCA, UDCA) that in response to BBR treatment in NASH mice. Although not as efficient as CDCA in activating FXR, the DCA and UDCA species are also the confirmed FXR agonists (Li et al., 2016; Zaufel et al., 2021). In addition, TβMCA is a known antagonist of FXR in rodents (Li et al., 2013), consistently, we found that fecal TβMCA in BBR-treated mice was decreased, indicating the intestinal FXR activation might be the critical mechanism underlying the efficacy of BBR on NASH.
Animal studies demonstrated that FXR activation could reduce hepatic BA levels and protect the liver against BA toxicity (Kim et al., 2015; Li et al., 2021). FXR agonists have been proved to be effective in treating diet-induced NAFLD/NASH (Gonzalez et al., 2016; Schmidt et al., 2017; Li J. et al., 2020). In addition, FXR inhibition or knockout could promote lipid accumulation or exacerbate the NASH progression in animals. While the activation of FXR is beneficial for NAFLD/NASH patients, side effects are difficult to avoid for long-term treatment. Studies found that the selective intestinal FXR agonist fexaramine could improve obesity-related metabolic dysfunctions, and activate G protein-coupled bile acid receptor 1/Glucagon-like peptide-1 signaling to improve insulin sensitivity and increase adipose tissue browning (Jiang et al., 2015). These reports implicated that intestinal FXR activation might be a better choice for NAFLD. Actually, activation of intestinal FXR promotes FGF15 (rodents)/19 (human) production, and the secreted FGF15/19 protein can enter the liver via the portal vein. The receptors of FGFs are widely expressed in the liver, intestine, adipose, and brain. It is found that the FGF19 level in humans is directly associated with uncoupled protein1 expression in subcutaneous adipose tissue, whereas supplementation of FGF15 or FGF19 induces white adipose browning in mice (Moron-Ros et al., 2021). The FGF19 analog NGM282 is reported to reduce liver fat content in patients with NASH (Harrison et al., 2018). In the present study, we found that the intestinal FXR activation mediated FGF15 is increased in NASH mice upon BBR treatment, and the binding of FGF15 with liver-specific receptor FGFR4 may contribute to the anti-steatosis and anti-inflammatory properties of BBR. We also analyzed the FXR expression in the liver, but BBR treatment showed no obvious effect on liver FXR expression. Thus, the inhibition of BA synthesis enzymes (CYP7A1 and CYP8B1), might attribute to intestinal FXR activation.
In summary, our study highlighted the mechanisms of BBR on modulating gut microbiota and BA metabolism, and the subsequent activation of intestinal FXR in promoting FGF15 production to alleviate NASH in mice. Our study identified the activation of intestinal FXR, which is associated with gut microbiota and BA metabolism, as a potential target for BBR treatment. However, since this is a single dose study using a pretty high dose BBR in mice, the scientific interpretability is not strong enough. In addition, as the exact regulation of FXR in different metabolic disorders is still elusive, further studies are in need to clarify the exact mechanisms.
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GLOSSARY
ACC acetyl-CoA carboxylase
ALT alanine transaminase
AST aspartate transaminase
BAs bile acids
BBR berberine
BSH bile salt hydrolase
CA cholic acid
CDCA chenodeoxycholic acid
CMC-Na carboxymethyl cellulose sodium solution
CYP7A1 cytochrome P450 7A1
CYP8B1 cytochrome P450, family 8, subfamily B, polypeptide 1
DCA deoxycholic acid
DSS dextran sulfate sodium
FASN fatty acid synthase
FGF15 fibroblast growth factor 15
FGFR4 fibroblast growth factor receptor
FXR farnesoid X receptor
GAPDH glyceraldehyde-3-phosphate dehydrogenase
H&E hematoxylin and eosin staining
HFD high-fat diet
IL-6 interleukin 6
LDL-c low-density lipoprotein cholesterol
LPS liposaccharide
MCA muricholic acids
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
NF-κB nuclear factor-κB
ORO oil red O
OTUs operational taxonomic units
PCoA UniFrac distance-based principal coordinate analysis
RT-qPCR quantitative real time-PCR
SCD1 stearoyl-CoA desaturase
SHP small heterodimer partner
SREBP1 sterol regulatory element binding protein 1
TC total cholesterol
TCA taurine conjugated cholic acid
TCDCA taurochenodeoxycholic acid
TDCA taurodeoxycholic acid
TG triglyceride
TNF-α tumour necrosis factor alpha
TUDCA tauroursodeoxycholic acid
UPLC/MS ultra-performance liquid chromatography tandem-mass spectrometry
16SrDNA 16S ribosomal DNA
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Mastitis is a worldwide production disease in dairy cows, which mainly affects milk yield, causing huge economic losses to dairy farmers. Lentinan is a kind of polysaccharide extracted from Lentinus edodes, which has no toxicity and possesses various pharmacological activities including antibacterial and immunomodulatory effects. Therefore, the anti-inflammatory function of lentinan on LPS-stimulated mastitis was carried out, and the mechanism involved was explored. In vivo, lentinan greatly reduced LPS-stimulated pathological injury, myeloperoxidase (MPO) activity, and the proinflammatory factor production (TNF-α and IL-1β) in mice. Further study was performed to determine the activation of the Wnt/β-catenin pathway during LPS stimulation. These results suggested that LPS-induced activation of the Wnt/β-catenin pathway was suppressed by lentinan administration. In vitro, we observed that the mouse mammary epithelial cell (mMEC) viability was not affected by lentinan treatment. As expected, LPS increased the TNF-α and IL-1β protein secretion and the activation of the Wnt/β-catenin pathway that was inhibited by lentinan administration in a dose-dependent manner in mMECs. Conclusively, lentinan exerts the anti-inflammatory function in LPS-stimulated mastitis via inhibiting the activation of the Wnt/β-catenin pathway. Thus, the results of our study also gave an insight that lentinan may serve as a potential treatment for mastitis.
Keywords: lentinan, mastitis, LPS, inflammation, Wnt/β-catenin pathway
INTRODUCTION
Mastitis, one of the most prevalent diseases in dairy cows, is mainly characterized by the inflammation of the mammary gland with major economic, hygienic, and welfare implications (Wu et al., 2016; Dai et al., 2019; Puggioni et al., 2019). There are abundant pathogenic microorganisms that can cause mastitis, such as Gram-negative bacteria Escherichia coli (Zadoks et al., 2011; Jiang et al., 2018). Escherichia coli inflicts widespread infection in humans and is one of the most common causative pathogens in bovine mastitis (Filioussis et al., 2020).
Lipopolysaccharide (LPS, which is also called the endotoxin), a main constituent of the Gram-negative bacterial cell wall, has been often used to mimic E. coli-infected mastitis in vivo as well as in cultured mammary epithelial cells (Chen et al., 2018; Kusebauch et al., 2018). When the components of pathogens (for example LPS) or their pathogen-associated molecular patterns are recognized by the innate immune system, multiple signaling pathways will be initiated to eradicate infection and protect the host against pathogens (Stokes et al., 2015; Iida et al., 2018; Kumar, 2019). Increasing evidence has revealed that the Wnt/β-catenin signaling pathway is involved in several inflammatory diseases (Mu et al., 2020; Quandt et al., 2021; Zhou et al., 2021). Therefore, pharmacological inhibition or interference of the Wnt/β-catenin pathway may be an effective strategy for treatment of several inflammatory diseases.
At present, antibiotics are the major drugs for the treatment of mastitis, but the emergence of antibiotic resistance has brought great trouble, threatened the health of humans and animals, and even caused the possibility of zoonotic bacteria entering the food chain (Doehring and Sundrum, 2019; Meade et al., 2019). Lentinan, a plant polysaccharide extracted from the mushroom, has harmless and few side effects on the human body (Wang X. et al., 2019; Zhang and Zhao, 2019). Although lentinan has been reported to possess various pharmacological activities such as anticancer, antibacterial, antiviral, and antioxidant effects (Nishitani et al., 2013; Wang X. et al., 2019; Hou et al., 2020), the potential protective mechanisms of lentinan on LPS-induced mastitis remain to be explored.
We hypothesized that lentinan alleviated LPS-induced mastitis by interfering with the activation of the Wnt/β-catenin pathway, which may also be a potential target for treatment of bovine mastitis and other inflammatory diseases. In the present research, the LPS-induced mouse mastitis was used to evaluate whether lentinan could protect the LPS-stimulated mastitis and explain its therapeutic mechanisms.
MATERIALS AND METHODS
Reagents
Lentinan was obtained from Shanghai Yuanye Biotechnology Co., Ltd., and dissolved with DMSO to prepare a final concentration of 100 mg/ml. When lentinan is used, it is diluted to the experimental concentrations (DMSO<0.1%). LPS was purchased from Sigma Chemical CO (St. Louis, United States). A mouse myeloperoxidase (MPO) ELISA kit was obtained from MultiSciences (Lianke) Biotech Co., Ltd (Zhejiang, China).
Animal Treatment and Experimental Groups
Mice were purchased from the Laboratory Animal Center of Zhejiang University (Hangzhou, China). Ninety BALB/c female mice (8 week old) were used in this experiment. Food and water were available ad libitum. The mice were kept in separate cages for a 12 h dark light cycle under controlled temperature (24°C ± 1°C) and 60% humidity for 1 week before the research. All experimental procedures and protocols were approved by the Institutional Animal Care and Use Committee in Zhejiang University.
The mice were randomly classified into six groups, each comprising fifteen mice: Control group, LPS group, lentinan (5, 10, and 20 mg/kg) + LPS groups, and dexamethasone group (5 mg/kg). The mastitis model was carried out as described previously by us (Xingxing et al., 2018). In brief, 100 μl of LPS (1 mg/ml) was infused into two abdominal mammary glands (R4 and L4) in mice under anesthesia with pentobarbital. Mice received an intraperitoneal injection (ip) of different lentinan concentrations (5, 10, and 20 mg/kg) or dexamethasone after 1 h of LPS or saline ip treatment. After 24 h, the mice were sacrificed by CO2 inhalation at the same time. The mouse mammary tissues were collected and stored at −80°C until being analyzed.
Histopathologic Evaluation of the Mammary Tissues
The mouse mammary gland tissues were excised and fixed in 10% formalin for subsequent histopathological analysis. In brief, tissues were dehydrated with different concentrations of alcohol, paraffin-embedded sections were prepared at a 4-µm thickness, and hematoxylin and eosin (H and E) staining was then performed to observe the morphology changes with an optical microscope (Olympus, Japan).
Myeloperoxidase (MPO) Analysis
MPO activity in mammary gland tissue was detected in tissue homogenates prepared as described above using the ELISA kit following the instruction book of the producer. In addition, mammary tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and then incubated with the MPO antibody (Servicebio, China). Immunopositive cells were counted, and positive cells in mammary gland tissue sections were quantified to the tissue area.
Cell Culture and Treatment
Epithelial cells from the mammary gland tissue of lactating mice were cultured as described previously (Wu et al., 2017). The mouse mammary epithelial cells (mMECs) were cultured in DMEM containing 10% FBS, 100 U/mL penicillin–streptomycin, and 10 μg/ml insulin in a 5% CO2 incubator. The cells were pretreated with different concentrations of lentinan (5, 10, and 20 μg/ml) or dexamethasone for 1 h before LPS challenge.
Cell Biological Examination and MTT Assay
The cells were fixed with paraformaldehyde at room temperature for 15 min and then washed three times with PBS in a twelve-well plate. Next, the cells were sealed with 10% normal goat serum at room temperature for 1 , followed by incubation with the primary antibody CK-18 at 4°C for 12 h. The cells were then incubated with the fluorescent-labeled secondary antibody (Bioss, China) for 45 min at room temperature and washed three times in PBS. Finally, DAPI was used to stain the cell nuclei, which were then observed using a laser scanning confocal microscope (Leica, Germany).
The mMEC viability was evaluated by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) experiment. Cells (1 × 105 cell/mL) were cultured in 96-well plates for 6 hours. The cells were stimulated with lentinan (5, 10, and 20 μg/ml) for 24 h. Next, the MTT (5 mg/ml) agent was added in mMECs for 4 h, and 100 μl of DMSO per well was added. The optical density (OD) at 570 nm was read with a microplate reader (Thermo, United States).
Immunofluorescence Staining
Immunofluorescence staining assay of the mouse mammary tissue and mMECs was carried out. Briefly, the mouse mammary tissues or cells were fixed in 10% formalin, and tissues were embedded in paraffin. The tissue or cell slice was permeated with PBS appending Triton X-100 (0.3%, Sigma, United States) and 10% BSA. The tissue or cell slice was hatched for 12 h at 4°C with a special antibody for Wnt3a and β-catenin (Servicebio, China) and a Cy3 secondary antibody. Then, Wnt3a and β-catenin proteins were determined and immobilized using mounting media supplemented with DAPI. Finally, all of the slices were observed with fluorescence microscopy.
Cytokine Assay
The cytokine secretion after LPS challenge was assessed with the ELISA kit in the mouse mammary tissues and mMECs. The tissues were homogenized in ice-cold PBS and then centrifugation at 10,000 rpm, 4°C for 15 min. Harvested tissue and cell supernate to detect the production of cytokines (IL-1β and TNF-α) using the ELISA kit following the instruction book of the producer. Finally, the optical density (OD) at 450 nm is read with a microplate reader.
Western Blot Assay
The total protein of mMECs was obtained by the lysis solution containing the phosphatase repressor. The BCA kit was used to determine the protein concentration. Then, samples with the same amount of protein were applied to 10% SDS-PAGE gel electrophoresis and then transferred to the PVDF membrane. After being placed in the 5% skim milk, the membrane was washed three times and incubated with the corresponding primary antibody at 4°C for 12 h. Next, the membrane was incubated with the secondary antibody at room temperature for 1 hour. The protein band density was detected using a chemiluminescence system.
Statistical Analysis
SPSS software was used for data analysis. Statistical data were expressed as the mean ± S.E.M. of three individual experiments. Data were analyzed by Student’s t-test or one-way analysis of variance (ANOVA). p ≤ 0.05 was deemed a statistically significant difference.
RESULTS
Effects of Lentinan on LPS-Induced Histopathological Changes
The histological analysis was used to evaluate the mouse mammary tissue damage. Histological analysis showed that the mammary tissue of the control group was intact without histopathological changes (Figure 1A). In the LPS group, the injury of mouse mammary tissue was obvious, and inflammatory cell infiltration was extensive and hyperemia (Figure 1B). However, the extensive inflammatory cell infiltration and hyperemia were relieved, and the tissue structure was relatively complete in lentinan or dexamethasone treatment (Figures 1C–F). Moreover, in order to further verify the degree of tissue damage, the histopathological changes of the mouse mammary gland were evaluated according to the number of infiltrated inflammatory cells. As described in the literature, the pathological grade was scored according to 0–5 (Xingxing et al., 2018). As expected, the result was consistent with pathological sections (Figure 1G).
[image: Figure 1]FIGURE 1 | Effects of lentinan on LPS-stimulated histopathological changes. Histopathological changes in mammary gland tissues (H and E). (A) Control group, (B) LPS group, (C–E) lentinan (5, 10, and 20 mg/kg) groups, (F) dexamethasone group, and (G) histopathological grade score. The blue arrow indicates the mammary gland tissue lesion area. All data are represented as the mean ± S.E.M. of three replicates. #p < 0.05 vs the control group. *p < 0.05 vs. the LPS group. **p < 0.01 compared with the LPS group. ***p < 0.01 compared with the LPS group.
Effects of Lentinan on Myeloperoxidase Activity
MPO is an enzyme in neutrophils, and its activity is related to neutrophil infiltration (Lin et al., 2020). As displayed in Figure 2A, compared with the control group, the MPO activity was obviously enhanced in LPS challenge. Lentinan treatment reduced MPO activity in a dose-dependent manner, especially at high concentration. In order to further verify the effect of Lentinan on MPO activity, the immunofluorescence technique was performed. As expected, LPS-enhanced MPO activity was decreased by lentinan or dexamethasone treatment (Figure 2B).
[image: Figure 2]FIGURE 2 | Effects of lentinan on MPO activity. (A,B) MPO activity assay in lentinan-treated mMECs. All data are represented as the mean ± S.E.M. of three replicates. *p < 0.05 vs. the LPS group. **p < 0.01 compared with the LPS group. ***p < 0.01 compared with the LPS group.
Lentinan Inhibited the Secretion of Proinflammatory Factors
The secretion of proinflammatory factors in mouse mammary tissues was detected using ELISA kits. The result of ELISA assay displayed that LPS markedly promoted the production of TNF-α and IL-1β. In contrast, lentinan or dexamethasone treatment substantially decreased the levels of TNF-α and IL-1β (Figure 3). These abovementioned results suggested that lentinan significantly inhibited the secretion of proinflammatory factors in LPS-induced mastitis at a concentration of 20 mg/kg. Thus, this concentration of lentinan was used to study the protective mechanism of LPS-induced mastitis.
[image: Figure 3]FIGURE 3 | Lentinan inhibited the secretion of proinflammatory factors. The expression of TNF-α and IL-1β in LPS-stimulated mouse mastitis was detected using ELISA kits. All data are represented as the mean ± S.E.M. of three replicates. *p < 0.05 vs the LPS group. **p < 0.01 compared with the LPS group. ***p < 0.01 compared with the LPS group.
Effects of Lentinan on the Activation of the Wnt/β-Catenin Pathway
The Wnt/β-catenin signaling pathway is an evolutionarily conserved mechanism that is fundamentally vital for inflammation-related diseases (Guan et al., 2021). We evaluated whether lentinan alleviated the LPS-induced inflammatory response by suppressing the Wnt/β-catenin pathway. The result of immunofluorescence assay displayed that LPS treatment significantly enhanced the activation of the Wnt/β-catenin signaling pathway that was reduced by lentinan treatment (Figure 4).
[image: Figure 4]FIGURE 4 | Effects of lentinan on the activation of the Wnt/β-catenin pathway. The activation of the Wnt/β-catenin pathway in LPS-stimulated mouse mastitis was determined by immunofluorescence assay. All data are represented as the mean ± S.E.M. of three replicates.
Cell Biological Detection
CK-18 is commonly used to identify the integrity of epithelial cells. Thus, mMECs were pretreated with the blue fluorescent pigment to identify the cell nucleus and CK-18 labeled with the green fluorescent pigment to show the cell integrity. The result is displayed in Figure 5.
[image: Figure 5]FIGURE 5 | Cell biological detection. The nucleus was dyed blue. The cytoplasm was dyed green by CK-18.
Effects of Lentinan on Inflammatory Response of Mouse Mammary Epithelial Cells
First, the potential cytotoxicity of lentinan on mMECs was detected by MTT experiment. As shown in Figure 6A, the cell viability was not affected by lentinan treatment. To investigate the effects of lentinan on inflammatory response in LPS-stimulated mMECs, the TNF-α and IL-1β protein levels were detected using the ELISA kit. As displayed in Figure 6B, LPS increased TNF-α and IL-1β secretion that was inhibited by lentinan or dexamethasone administration.
[image: Figure 6]FIGURE 6 | Effects of lentinan on inflammatory response of LPS-induced mouse mammary epithelial cells. (A) The potential cytotoxicity of lentinan (5, 10, and 20 μg/ml) on mMECs was detected by MTT experiment. (B) The TNF-α and IL-1β protein levels were detected using the ELISA kit in LPS-stimulated mMECs. All data are represented as the mean ± S.E.M. of three replicates. *p < 0.05 vs. the LPS group. **p < 0.01 compared with the LPS group. ***p < 0.01 compared with the LPS group.
Effects of Lentinan on the Activation of the Wnt/β-Catenin Pathway in mMECs
The activation of the Wnt/β-catenin signaling pathway in LPS-stimulated mMECs was also determined by immunofluorescence assay. The result showed that LPS challenge greatly enhanced the activation of the Wnt/β-catenin pathway, but that was reduced by lentinan treatment or dexamethasone administration (Figures 7A,B). In order to confirm the effect of lentinan on the Wnt/β-catenin pathway activation, western blot was performed in mMECs. Consistent with the results in Figure 7C, the downstream factors in the Wnt/β-catenin pathway, Wnt3α, and β-catenin were activated upon LPS challenge, while lentinan or dexamethasone administration downregulated the Wnt3α and β-catenin protein expression.
[image: Figure 7]FIGURE 7 | Effects of lentinan on the activation of the Wnt/β-catenin pathway in mMECs. (A,B) The activation of the Wnt/β-catenin signaling pathway in LPS-stimulated mMECs was also determined by the immunofluorescence technique. (C) The expression of Wnt/β-catenin proteins was detected by western blot. β-actin served as an internal control. All data are represented as the mean ± S.E.M. of three replicates.
DISCUSSION
Mastitis is a worldwide production disease of dairy cattle, which mainly affects milk yield, causing huge economic losses to dairy farmers (Krishnamoorthy et al., 2021). It is well known that inflammation is harmful to the breast, but the effect of mastitis on parts other than the breast is not obvious until researchers began to pay attention to environmental pathogens (Ruegg, 2017). The main pathogen causing mastitis in dairy cows is Escherichia coli (Shao et al., 2015). At present, antibacterial agents are still the main treatment and prevention of mastitis in most dairy farms (Stevens et al., 2016). However, consumers and public health authorities are increasingly concerned about the use of antibiotics to balance animal health and the development of antimicrobial resistance on farms (Ruegg, 2017; Nobrega et al., 2020). Lentinan is a kind of polysaccharide extracted from Lentinus edodes, which has no toxicity and possesses various pharmacological activities such as anticancer, antibacterial, and antiviral effects (Antonelli et al., 2020; Lv et al., 2020; Zi et al., 2020). Thus, the anti-inflammatory function of lentinan on LPS-stimulated mastitis was carried out, and the mechanism involved was explored.
In the present research, LPS challenge significantly enhanced the LPS-induced inflammatory injury that was lightened by lentinan treatment. Additionally, as the first line of defense against microorganisms, epithelial cells are cleared by producing a series of immune reactions (Shin et al., 2010). Therefore, the effect of lentinan on LPS-stimulated mouse mammary epithelial cells (mMECs) was also determined. The MTT test showed that the dose of lentinan used in the study had no cytotoxicity, which was consistent with the results of other studies (Guangming et al., 2018; Zhang and Zhao, 2019). Although inflammatory factors can produce adaptive behavioral response and promote energy conservation to fight infection or recover from injury, excessive proinflammatory factors (such as TNF-α and IL-1β) will cause damage to the body and cause inflammation-related diseases (Wang J. et al., 2019). We found that LPS induced the overproduction of proinflammatory factors that were suppressed by lentinan treatment.
There is increasing evidence that in many activated signaling pathways, the Wnt/β-catenin pathway plays vital role in the process of bacterial infection (Umar, 2012; Li et al., 2021). The proinflammatory stimulation of bacterial infection is a necessary condition for activating the Wnt/β-catenin pathway (Silva-García et al., 2014). For instance, the proinflammatory functions were recorded in Wnt3a-stimulated several cells. Moreover, it has been found that mutations in genes encoding β-catenin or other Wnt pathway molecules have been verified in several inflammatory diseases, cancers (Castellone et al., 2009). To further explore the anti-inflammatory mechanism of lentinan, we then investigated the activation of the Wnt/β-catenin pathway in LPS-stimulated mMECs. The result showed that lentinan suppressed the activation of the Wnt/β-catenin pathway in LPS-stimulated mMECs. As we had expected, consistent results were obtained in the tissue immunofluorescence test.
In conclusion, the present results suggested that lentinan had a good anti-inflammatory function in LPS-stimulated mastitis through inhibiting the Wnt/β-catenin signaling pathway. Therefore, the results of our study also gave an insight that lentinan may serve as a potential treatment for mastitis.
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Betulin Alleviates the Inflammatory Response in Mouse Chondrocytes and Ameliorates Osteoarthritis via AKT/Nrf2/HO-1/NF-κB Axis
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Osteoarthritis (OA) is a common degenerative joint disease featuring the degeneration, destruction, and ossification of cartilage. Inflammation which may facilitate OA occurrence and development is considered as the main pathological factor. Betulin, a natural product extracted from birch bark, has been commonly used for inflammation treatment; however, its role in OA remains unclear. This study is aimed to explore whether betulin can suppress IL-1β–induced inflammation in chondrocytes and alleviate OA in vitro and in vivo. In in vitro studies, the generation of pro-inflammatory factors, such as interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), prostaglandin E2 (PGE2), and nitric oxide (NO), was assessed using the enzyme-linked immunosorbent assay (ELISA) and Griess reaction. As revealed by results, betulin inhibited the expression of pro-inflammatory mediators. In addition, the protein expressions of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), matrix metalloproteinase (MMP-13), thrombospondin motifs 5 (ADAMTS5), Collagen II, and Aggrecan were quantified using Western blot analysis. We found that betulin could inhibit the generation of COX-2 and iNOS induced by IL-1β, indicating that betulin has anti-inflammatory effects in chondrocytes. Furthermore, betulin downregulates the expression of MMP-13 and ADAMTS-5 and upregulates the expression of Collagen II and Aggrecan, indicating that it can inhibit the degradation of the extracellular matrix. In mechanism, betulin activated the AKT/Nrf2 pathway and inhibited the phosphorylation of p65. In in vivo studies, administration of betulin in vivo could inhibit cartilage destruction and inflammatory progression. Therefore, these findings suggest that betulin may alleviate IL-1β–induced OA via the AKT/Nrf2/HO-1/NF-κB signal axis, and betulin may be a potential drug for the treatment of OA.
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INTRODUCTION
Osteoarthritis (OA) is a long-lasting, chronic, and progressive joint disease characterized by the loss or destruction of joint function and morphological integrity. It is mainly manifested as joint pain with serious impact on daily life (Kean et al., 2004). However, the specific pathogenesis of OA remains unclear (Sun et al., 2017). In addition, due to the insufficient efficacy of current drug therapy, clinical symptoms can be temporarily relieved, urgently requiring drugs with good efficacy and less side effects to reverse the progress of OA (Krustev et al., 2015). According to the increasing evidence, inflammatory mechanisms play a key role in the progression of OA (Bonnet and Walsh, 2005; Scanzello, 2017). A large number of inflammatory cytokines, such as interleukin-6 (IL-6), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) are involved in OA occurrence and development (Fernandes et al., 2002), among which IL-1β is the main pro-inflammatory cytokine. Previous studies have revealed that IL-1β can induce the activation of nuclear transcription factor B (NF-κB) and promote the secretion of pro-inflammatory mediators (Abramson et al., 2001; Vincenti and Brinckerhoff, 2002; Chabane et al., 2008; Zhang et al., 2018), resulting in the decomposition of the intra-articular matrix above the synthetic level (Dodge and Poole, 1989; Nummenmaa et al., 2015), and finally accelerating the deterioration of OA. Therefore, inhibiting the IL-1β–mediated inflammatory response is an effective therapeutic strategy to suppress the progression of OA.
There is evidence that the NF-κB signal pathway can regulate the expression of inflammatory mediators and participate in the inflammatory process, such as IL-1β–induced inflammation and apoptosis (Wang et al., 2016). The stimulation of IL-1β will lead to the degradation of IκBα, release of the bound NF-κB dimer, and activation of the NF-κB signal pathway, thereby causing inflammation (Kumar et al., 2004; Hayden and Ghosh, 2011). Studies have shown that the nuclear factor–erythroid 2–related factor (Nrf2) and heme oxygenase-1 (HO-1) are important signal mediators in anti-inflammatory defense mechanisms, and the activation of the Nrf2/HO-1 signal can inhibit inflammatory effects (Jiang et al., 2014). In addition, we also found that by activating AKT, the expression of HO-1 can be regulated via the Nrf2 pathway (Lu et al., 2014; Huang et al., 2015; Yeh et al., 2015). According to reports, many natural products with anti-inflammatory activity exert anti-inflammatory protection by inducing HO-1 (Parada et al., 2015; Chan et al., 2017). Therefore, the NF-κB or HO-1 pathway may be a potential therapeutic target.
Betulin is a triterpene natural product extracted from birch bark, with anti-inflammatory activity that can be used to control various inflammatory diseases in folk medicine (Bai et al., 2016). For example, betulin attenuates renal injury in septicemic rats by inhibiting TLR4/NF-κB signal pathway (Zhao et al., 2016). In addition, it has been found that betulin inhibits IL-1β–induced matrix metalloproteinase gene expression and production (Ra et al., 2017), suggesting that betulin may delay the progression of OA, but the mechanism on how exactly it slows down the development of inflammation is unclear; this study specifically elaborated the specific mechanism of betulin in the progress of OA. It is worth noting that the role of the AKT/Nrf2/HO-1/NF-κB signal axis in the progression of OA has not been clarified yet. This study aims to explore whether betulin can reduce the inflammation level of OA by regulating the signal axis of AKT/Nrf2/HO-1/NF-κB, thus alleviating the progression of OA.
MATERIALS AND METHODS
Reagents
Betulin (purity ≥98%) was dissolved in dimethylsulfoxide (DMSO), diluted in PBS, and administered in a culture medium (final concentrations of DMSO were 0.5%), as 0.5% DMSO alone did not affect the proliferation of chondrocytes. Type II collagenase was purchased from Solarbio (Beijing, China). Recombinant IL-1β was obtained from Novoprotein (China). The primary antibodies against Aggrecan (ab3778), Collagen II (ab34712), MMP-13 (ab1010), ADAMTS5 (ab41037), HO-1 (ab13248), Nrf2 (ab92946), AKT (ab8805), Lamin B (ab16048), GAPDH (ab8245), P65 (ab16502), IκBα (ab32518), P-IκBα (ab133462), and P-P65 (ab76302) were purchased from Cambridge ABCAM Company in England. Cell count kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan). 6-diamino-2-phenylindole (DAPI) nuclear staining was obtained from Beyotime, Shanghai, China. Griess reagent is provided by Biomass Life Sciences Co., Ltd. (Shanghai, China). ELISA kits for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and prostaglandin E2 (PGE-2) were provided by the Minneapolis R & D system.
Isolation and Culture of Primary Chondrocytes
10-week-old C57BL/6 male wildtype (WT) mice were purchased from the Animal Center of the Chinese Academy of Sciences (Shanghai). After euthanasia with 10% chloral hydrate, the knee joint and hip cartilage of the mice were washed in phosphate-buffered saline (PBS) and minced into pieces measuring approximately 2 mm. The cartilage tissue was digested for 4 h with 0.2% Type II collagenase at 37°C. The digested cartilage samples were centrifuged at 37°C for 3 min. The supernatant was inoculated in a culture dish (seeding density: 105 cells/cm2). 10% fetal bovine serum (FBS) and 1% antibiotic (penicillin/streptomycin) DMEM/F-12 were incubated at 37 °C, 5% CO2, and the culture medium was replaced every day. 80 and 90% were mixed and separated with 0.25% trypsin-EDTA solution and then cultured. In this study, only 0–2 generation cells were used to avoid phenotypic loss (Wu et al., 2018) (Zheng et al., 2018).
CCK-8 Assay
To evaluate the potential toxicity of betulin to mouse chondrocytes, the CCK-8 (Dojindo Co, Kumamoto, Japan) test was performed in accordance with the manufacturer’s instructions. In short, cartilage cells were seeded at a density of 2 × 105/mL (0.1 mL/well) in a 96-well plate and allowed to attach for 24 h to keep the log phase growth at the time of drug treatment, then treated with betulin under a concentration gradient of (0, 25, 50, 100, and 200 μM) for 24 h or 48 h, 10 μL CCK-8 solution was added to each well and incubated at 37°C for 4 h. Then the optical density was measured by spectrophotometer (Thermo Fisher) at 450 nm. All the experiments were carried out for three times.
Determination of NO, PGE2, TNF-α, and IL-6
Chondrocytes cultured in culture dishes were exposed to betulin (0, 25, 50, and 100 μM) of different concentrations, incubated at 37°C for 2°h, then incubated with IL-1β (10 ng/ml) for 24 h. The concentration of NO was determined by Griess reaction. The concentrations of PGE2, TNF-α, and IL-6 in each culture were determined by the ELISA method (Au et al., 2007). All the tests were carried out for three times.
Western Blotting
Chondrocytes were incubated for 2 h in growth medium with 25, 50, and 100 μM of betulin followed by incubation in the presence or absence of IL-1β (10 ng/mL) for 24 h. Cells were collected and lysed with Radioimmunoprecipitation Assay (RIPA) lysis buffer [with 1% phenylmethanesulfonyl fluoride (PMSF)], the nucleoproteins of cells were obtained using a nuclear extraction kit. The protein concentration was quantified using a bicinchoninic acid (BCA) protein assay kit. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and polyvinylidene fluoride (PVDF) membrane were used to separate and transfer 40 ng proteins, and then sealed with 5% skim milk for 2 h. Then, the primary antibody was used overnight at 4°C. After the primary antibody was incubated, the membrane was washed with Tris-buffered Saline with 0.1% Tween-20 (TBST) for three times for 5 min, and then incubated at room temperature in 5% TBST for 2 h with the corresponding secondary antibody. After being rinsed by TBST, the film was developed with the enhanced chemiluminescence kit, and the gray value of the film was quantitatively determined by Image Lab 3.0 software (Bio-Rad).
Real-Time PCR
Chondrocytes were inoculated into 6-well plates. After 24 h of culture, the cultured chondrocytes were stimulated with different concentrations (25, 50, and 100 μM) of betulin followed by incubation for 24 h with or without IL-1β (10 ng/mL). The total RNA of monolayer chondrocytes was extracted with TRIzol reagent. The concentration of RNA was determined by spectrophotometry at 260 nm, and the quality and purity of RNA were determined by the A260/A280 ratio. The first-strand cDNA was synthesized with 10 ng total RNA and the QuantiTect reverse transcription kit. The CFX96 real-time PCR (RT-PCR) system was used for 10-min reaction at 95°C, 15-min reaction at 95 °C, and 1-min reaction at 60 °C, with a circulation of 40 times, and the total reaction volume was 10 μL (4.5 μL diluted cDNA, 0.25 μL forward primer, 0.25 μL reverse primer, and 5 μL SYBR Green Master Mix). The target mRNA level was normalized to the GAPDH level and compared with the control group. The primers for iNOS, IL-6, COX-2, and TNF-α were designed as follows (Pfaffl, 2001):
iNOS (F)5‘GACGAGACGGATAGGCAGAG3’ (R)5‘CATGCAAGGAAGGAACT3’
IL-6 (F)5‘CCGGAGAGGAGACTTCAG3’ (R)5‘TCCACGATTTCCCAGAGAAC3′
COX-2 (F)5‘TCCTCACATCCCTGAGAACC3’ (R)5‘GTCGCACACTCTGTTGTGCT3′
TNF-α (F)5‘ACGGCATGGATCTCAAAGAC3’ (R)5‘GTGGGTGAGGAGCACGTAGT3′
Immunofluorescence Analysis
Chondrocytes incubated with or without betulin (50 μM) for 2 h, then co-incubated with IL-1β (10 ng/ml) for 24 h, fixed with 4% paraformaldehyde solution at room temperature for 15 min, rinsed using PBS for three times, and then treated with 0.1%TritonX-100 at room temperature for 5 min. The cover slides were placed in a wet box, sealed at 37°C with 5% bovine serum albumin for 1 h, then diluted with primary antibodies at 4°C for 12°h, rinsed by phosphate buffer, incubated with goat anti-rabbit IgG antibody coupled with fluorescein at room temperature for 1 h, and then stained with DAPI. The fluorescence microscope was used for imaging.
Animal Model
10-weeks-old C57BL/6 male wild-type (WT) mice (n = 18) were selected from the Shanghai Animal Center of Chinese Academy of Sciences. All the experiments were performed in accordance with the regulations of the Animal Protection and Utilization Committee of Wenzhou Medical University (wyde2021-0297). The mouse OA model was established by surgical resection of medial meniscus (DMM). Mice were anesthetized with 1% pentobarbital sodium, then the right knee joint was cut open with microsurgical scissors and the medial meniscus tibial ligament of the right knee joint was transected to protect the lateral meniscus ligament during the operation. As a control, the medial meniscus tibial ligament was not transected, while the left knee arthrotomy was performed as the sham operation group. The mice were randomly divided into three groups: the first group was the Sham group, the second group was the DMM group, and the third group was the DMM+Betulin group (n = 6 mice in each group). After operation, the mice in the third group were injected intraperitoneally with betulin (20 mg/kg/d) (Ma and Long, 2016), and the mice in the other groups were injected with the same amount of inert carrier (DMSO) for 8 weeks under the temperature of 20 ± 2°C, with a relative humidity of 50 ± 10%, and the light/dark cycle of 12 h. All animals were killed 8 weeks after the operation, and the cartilage samples were taken for immunological and histological analyses.
Histopathological Analysis
Cartilage destruction was evaluated using SO and HE staining, and the slides of each joint were stained. Then, the morphological changes of the cartilage and its surrounding tissue were observed using a microscope, and articular cartilage destruction was evaluated using the Osteoarthritis Research Society International (OARSI) medial femoral condyle and medial tibial plateau scoring systems.
Immunohistochemical Analysis
Knee joint tissue was fixed with 4% paraformaldehyde, decalcified, and embedded in paraffin, then it was sliced, dewaxed, and rehydrated, treated with 3% (v/w) hydrogen peroxide and 0.25% trypsin-EDTA solution at 37°C for 30 min. Then, the slices were incubated in 10% bovine serum albumin for 60 min (37°C). The first antibody was treated at 4°C for 24 h. On the second day, the secondary antibody was incubated at 4°C for 1 h. The images were analyzed using Image-ProPlus6.0 version software. Five slices were taken from each group for quantitative analyses.
X-Ray Imaging
X-ray examination was performed on the mice in the three groups at the eighth week after operation. X-ray imaging was performed on all animals using digital X-ray system. The degree of articular cartilage degeneration was evaluated by joint space, cartilage surface calcification, and osteophyte formation.
Molecular Docking Model
The molecular structure of betulin was derived from PubChem database and imported into Chem3D for molecular energy minimization and geometric optimization. The protein structure of AKT (PDBID:4GV1) was from the Protein Data Bank database (http://www.rcsb.org/). The structure of the protein was treated on the Maestro11.9 platform. The Protein Preparation Wizard of Schrodinger was used to treat the protein, remove the crystal water, add the missing hydrogen atom, repair the missing bond information, repair the missing peptide, and finally minimize the energy and optimize the geometric structure of the protein (Rajeswari et al., 2014; Fazi et al., 2015). All molecules were prepared according to the default settings of the Lig Prep module. When screening in the Glide module, the prepared receptor was introduced to specify the appropriate location in the receptor grid generation, the predicted active site of the protein was selected as the centroid of the 12 Å box. Finally, molecular docking and screening were carried out by the standard method.
Statistical Analysis
All experiments were performed at least three times. All data were presented as the mean ± SD and carried out by SPSS 20.0 software. The differences between groups were analyzed by one-way ANOVA with Tukey's multiple comparison test. p < 0.05 and p < 0.01 were considered to be significant.
RESULTS
The Effect of Betulin on the Viability of Chondrocytes
The chemical structure of betulin is shown in Figure 1A. The CCK-8 experiment was performed to determine the cytotoxic effect of betulin on chondrocytes. Chondrocytes were incubated with betulin of different concentrations (0, 25, 50, 100, and 200 μM) for 24 and 48 h. As shown by Figures 1B–C, the cell viability of chondrocytes were not significantly affected at the concentration of 0–100 μM but decreased slightly at the concentration of 200 μM (p < 0.01). The results of treatment for 48 h were similar (p < 0.01). Besides, under IL-1β treatment, the number of chondrocytes decreased and the cells shrank. After betulin treatment, the survival of the chondrocytes increased in a dose-dependent manner. Therefore, betulin with the concentrations of (0, 25, 50, and 100 μM) was used in all subsequent experiments.
[image: Figure 1]FIGURE 1 | Effect of betulin on the viability of OA chondrocytes. (A) The chemical structure of betulin. (B–C) The cell was cultured with betulin (0, 25, 50, 100, and 200 μM) different concentrations for 24 and 48 h, and the cell viability was measured using the CCK-8 kit. (D) After the chondrocytes were pretreated with different concentrations of betulin, the chondrocytes were imaged with a phase contrast microscope (scale bar: 50 μm). The data in the figure represent the average ± SD, **p < 0.01 compared to the control group, n = 3.
Betulin Inhibits the Generation of Pro-inflammatory Mediators
It was speculated that betulin has an anti-inflammatory effect in the OA cell model. To validate this hypothesis, it was first investigated whether betulin inhibits the production of pro-inflammatory mediators. The expression of iNOS and COX-2 was detected by Western blot (Figures 2A,B). The generation of iNOS and COX-2 stimulated by IL-1β was significantly higher than that in the control group (p < 0.01). Betulin treatment could reduce the expression of iNOS and COX-2 in the chondrocytes in a dose-dependent manner (p < 0.01). The cell suspension was collected using TRIzol reagent to analyze the mRNA levels of the pro-inflammatory mediators (IL-6 and TNF-α) and enzymes (iNOS and COX-2) by quantitative RT-PCR. The results further verify this conclusion (Figures 2C,D). In addition, released enzymes (iNOS and COX-2) generated NO and PGE2 inflammatory mediators in cells, respectively. Griess reaction was used to detect the concentration of endogenous NO in cell suspensions, and the ELISA kit was used to detect the levels of PGE2, TNF-α, and IL-6. As shown in Figures 2E,F, the expression of NO, IL-6, TNF-α, and PGE-2 increased significantly compared with that in the blank control group (p < 0.01), while betulin reversed this phenomenon in a dose-dependent manner. This verified that betulin could inhibit the generation of pro-inflammatory mediators.
[image: Figure 2]FIGURE 2 | Betulin treatment can inhibit the generation of pro-inflammatory mediators. OA chondrocytes were pretreated with betulin (0, 25, 50, and 100 μM) of different concentrations for 2 h, then stimulated by IL-1β (10 ng/ml) for 24 h. (A–B) The protein expression of iNOS and COX-2 was detected by Western blot and quantitatively analyzed. (C–D) The mRNA expression levels of iNOS, COX-2, IL-6, and TNF-α were detected by RT-PCR. (E–F) The generation of NO, PGE2, TNF-α, and IL-6 was detected by Griess reaction and the ELISA method. The data in the figure are represented as the average ±SD, *p < 0.05, **p < 0.01 compared with the control group, @@p < 0.01 compared with the IL-1β group, n = 3.
Betulin Inhibits the Degradation of Extracellular Matrix Induced by IL-1β
In the progress of OA, the extracellular matrix of cartilage cells is continuously degraded, to explore the protective effect of betulin on cartilage extracellular matrix degradation induced by IL-1β. The expression of Aggrecan, Collagen II, ADAMTS-5, and MMP13 in chondrocytes was detected by Western blot with betulin of different concentrations (Figures 3A,B). The results showed that the expression of Collagen II and Aggrecan decreased significantly, while the expression of ADAMTS-5 and MMP13 increased significantly after the stimulation of IL-1β (p < 0.01). However, betulin reversed the expression of Collagen II and reduced the protein levels of MMP13 and ADAMTS5 in a dose-dependent manner. In addition, we also used the immunofluorescence method. After the treatment of IL-1β, the fluorescence intensity of Collagen II decreased while that of MMP-13 increased (p < 0.01). The treatment of betulin reversed this trend (Figures 3C–F) (p < 0.01), which conformed to that of Western blot, and further verified that betulin could prevent ECM degradation and suppress the development of OA.
[image: Figure 3]FIGURE 3 | Betulin treatment can inhibit the degradation of extracellular matrix. OA chondrocytes were cultured with betulin (0, 25, 50, and 100 μM) of different concentrations for 2 h, followed by stimulation with or without IL-1β (10 ng/ml) for 24 h. (A–B) The protein expression levels of Collagen II, Aggrecan, MMP13, and ADAMTS-5 were detected by Western blot and quantitatively analyzed. (C–F) Immunofluorescence staining combined with DAPI staining (scale: 25 μm) was used to detect the fluorescent expression of MMP13.The data in the figure are represented as the mean ± SD, **p < 0.01 compared with the control group, @@p < 0.01 compared with the IL-1β group, n = 3.
Betulin Inhibits NF-κB Signal Activation in OA Chondrocytes
Many molecules involved in inflammatory reaction are regulated by the NF-κB pathway. To further explore the effect of betulin on the NF-κB pathway in chondrocytes, the expression of the target proteins in the NF-κB pathway induced by betulin was observed using Western blot (Figure 4A,B,C,F). The phosphorylation of IκBα and p65 increased significantly after IL-1β stimulation (p < 0.01). Betulin treatment could inhibit the degradation of IκBα in the cytoplasm and inhibit the phosphorylation of p65. Then, we further observed the effect of betulin on the translocation of p65 to IL-1β induced into the nucleus. As expected, in the control group, the p65 active protein was mainly located in the cytoplasm, while in the IL-1β group, most of the p65 active protein was transferred to the nucleus. The betulin pretreatment significantly inhibited p65 translocation to the nucleus (Figures 4D,E) (p < 0.01). These results suggest that betulin inhibits the activation of the NF-κB signal pathway in the chondrocytes and plays an anti-inflammatory role.
[image: Figure 4]FIGURE 4 | Betulin treatment inhibited the activation of NF-κB signal. OA chondrocytes were cultured with betulin (0, 25, 50, and 100 μM) of different concentrations for 2 h, and then stimulated by IL-1β (10 ng/ml) for 24 h. (A–C,F) The protein expression levels of p-p65, p65, IκBα, and p-IκBα were detected by Western blot and quantitatively analyzed. (D,E) Immunofluorescence staining combined with DAPI staining (scale: 25 μm) were used to detect the entry of characteristic index p65 into the nucleus and quantitative analysis of fluorescence intensity. The data in the figure are represented as the mean ± SD, **p < 0.01 compared with the control group, @@p < 0.01 compared with the IL-1β group, n = 3.
Molecular Docking Between Betulin and AKT Protein
According to the results of molecular docking obtained by the standard method, the results show that the compound has a good binding to the target protein, and the binding energy is −6.68 (kcal/mol). The lower the energy required for binding, the easier it is to bind to the target protein. In addition, the complex formed by the docking compound and protein was visualized by Pymol2.1 software, and the binding mode of the compound and protein was obtained (Figures 5A–C). According to the binding mode, we can clearly see that betulin and AKT protein bind to VAL-164, ALA-177, PHE-442, GLU-234, MET-227, ASP-292, and other amino acid residues. We also found that betulin can form strong hydrogen bonds with amino acid active groups such as GLU-234 and ASP-292, and the distances of 1.8 Å and 2.9 Å are much smaller than 3.5 Å of the traditional hydrogen bonds, which plays an important role in the stability of both. In addition, betulin can also form hydrophobic interactions with hydrophobic residues (Figures 5D,E). These interactions can improve the stability of betulin in AKT protein, indicating that betulin and AKT protein have a high affinity. Betulin is a potentially active small molecule that can be used to activate AKT.
[image: Figure 5]FIGURE 5 | The molecular docking model shows the affinity between Betulin and AKT. Betulin promotes the phosphorylation of AKT, enhances the nuclear expression of Nrf2, and upregulates the expression of HO-1. (A) The model of Betulin. (B) The ribbon model of AKT. (C) The space filling model of the binding of Betulin and AKT protein. (D) Three-dimensional (3D) binding model between Betulin and AKT protein. The backbone of the protein was rendered in tube and appears bright blue; Betulin is rendered yellow; the yellow dash represents the hydrogen bond distance, and the binding energy of the two is −6.68 kcal/mol. (E) Two-dimensional binding model between Betulin and AKT protein. The chondrocytes were treated with betulin (50 μM) for 0, 30, 60, and 120 min. (F–G) The protein levels of nuclear Nrf2 (Nu-Nrf2), p-AKT, HO-1, and cytoplasmic Nrf2 (Cy-Nrf2) were detected by Western blotting and quantitatively analyzed. The data in the figure are represented as the mean ± SD, **p < 0.01 compared with the control group, n = 3.
Betulin Promotes the Phosphorylation of AKT, Enhances the Nuclear Expression of Nrf2, and Upregulates the Expression of HO-1
Studies have shown that AKT, Nrf2, and HO-1 are involved in inflammation. In order to explore the influence of betulin on AKT, Nrf2, and HO-1 signaling pathways, the chondrocytes were treated with betulin at different time gradients. It was found that betulin promoted the phosphorylation of AKT and reached the highest at 60 min but decreased at 120 min. Furthermore, betulin activated Nrf2, and the expression of Nrf2 reached the highest in the nucleus of 60 min. There was a time delay in the activation of HO-1, which reached peak in 120 min (Figures 5F,G) (p < 0.01).
Betulin Promotes Nuclear Translocation of Nrf2 via AKT Signal Pathway
Previous studies have revealed that the activation of Nrf2 is regulated by upstream kinases. To confirm that betulin regulates Nrf2 nuclear translocation via the AKT pathway, chondrocytes were pretreated with AKT inhibitor (MK2206, 10 μM), and then treated with betulin (50 μM). The expression of phosphorylated AKT, nuclear Nrf2 (Nu-Nrf2), and cytoplasmic Nrf2 (Cy-Nrf2) was detected by Western blot. The results showed that although betulin promoted the nuclear translocation of Nrf2 (p < 0.01), MK2206 inhibited the nuclear expression of Nrf2 (p < 0.05), indicating that betulin’s promotion of Nrf2 nuclear translocation is mediated by the AKT pathway (Figures 6A–D).
[image: Figure 6]FIGURE 6 | Betulin promotes nuclear translocation of Nrf2 via the AKT signal pathway. The chondrocytes were pretreated with AKT inhibitor MK2206 (10 μM) for 2 h and then treated with betulin (50 μM) for 2 h. (A–D) The protein levels of Nu-Nrf2, Cy-Nrf2, and p-AKT were detected by Western blotting and quantitatively analyzed. The results showed that the AKT signal participated in the inflammatory process induced by IL-1β. The data in the figure show that the average value is ±SD, **p < 0.01 compared with the control group, ##p < 0.01 compared with the Betulin-treated group, n = 3.
Betulin Upregulates the Expression of HO-1 via Activating Nrf2 Pathway
To illustrate the relationship between Nrf2 and HO-1, Chondrocytes were pretreated with Nrf2 inhibitor (RA, 5 μM), then treated with betulin (50 μM), and the protein levels of HO-1 and Nu-Nrf2 were detected by Western blot. The results showed that the protein levels of HO-1 and Nu-Nrf2 increased significantly after betulin treatment compared to the control group (p < 0.01) and Nrf2 transfer to the nucleus (Figures 7A–D) (p < 0.01). The inhibition of Nrf2 by RA abolished the upregulation of HO-1 protein induced by betulin and inhibited the nuclear translocation of Nrf2. These results indicate that betulin promotes HO-1 expression by activating the Nrf2 pathway. Furthermore, it was observed whether MK2206 and RA treatment affect the anti-inflammatory effect of betulin. The results showed that treatment with RA and MK2206 partially reversed the inhibitory effect of betulin on pro-inflammatory mediators (Figures 7E–H). These results indicate that betulin exerts anti-inflammatory effects through the AKT/Nrf2/HO-1 pathway.
[image: Figure 7]FIGURE 7 | Betulin upregulates the expression of HO-1 via activating the Nrf2 pathway. The chondrocytes were treated with retinoic acid (RA, 5 μM), an inhibitor of Nrf2, for 2 h and then treated with betulin (50 μM) for 2 h. (A–B) The expression levels of Nu-Nrf2 and HO-1 in chondrocytes were detected by Western blotting and quantitatively analyzed. (C–D) Immunofluorescence staining combined with DAPI staining (scale: 25 μm) were used to detect the entry of Nrf2 into the nucleus and quantitatively analyzed. (E–H) The protein levels of TNF-α, IL-6, and PGE2 were measured by the commercial ELISA kits, and the generation of NO was measured by Griess reaction. The data in the figure show that the average value is ±SD, **p < 0.01 compared with the control group, ##p < 0.01 compared with the Betulin-treated group, &&p < 0.01 compared with the Betulin + IL-1β–treated group, @p < 0.05 compared with the IL-1β group, n = 3.
Betulin Inhibits the Activation of NF-κB Pathway and the Generation of Pro-inflammatory Mediators Through HO-1 Pathway
Studies have shown that HO-1 can regulate the NF-κB pathway. The chondrocytes were pretreated with HO-1 inhibitor SnPP-IX (40 μM) and then treated with betulin (50 μM). The results of Western blot showed that SnPP-IX pretreatment abolished the inhibitory effect of betulin on p65 phosphorylation (Figures 8A–D) (p < 0.01). In addition, we also observed whether the HO-1 inhibitor SnPP-IX affected the anti-inflammatory effect of betulin. The results showed that SnPP-IX treatment reversed the inhibitory effect of betulin on pro-inflammatory mediators (Figure 8E) (p < 0.01). These results suggest that betulin plays an anti-inflammatory role by inhibiting the activation of the NF-κB pathway in chondrocytes through the HO-1 pathway.
[image: Figure 8]FIGURE 8 | Betulin inhibits the activation of the NF-κB pathway and the generation of pro-inflammatory mediators through the HO-1 pathway. The chondrocytes were pretreated with HO-1 inhibitor SnPP-IX (40 μM) for 2 h and treated with betulin (50 μM) for 2 h. (A–D) The protein levels of p-p65 and HO-1 were detected by Western blotting and quantitatively analyzed. (E) The protein levels of TNF-α, IL-6, and PGE2 were measured by the commercial ELISA kits and the generation of NO was measured by Griess reaction. The data in the figure show that the average value is ±SD, **p < 0.01 compared with the control group, ##p < 0.01 compared with the Betulin-treated group, &&p < 0.01 compared with the Betulin + IL-1β–treated group, @p < 0.05, @@p < 0.01 compared with the IL-1β group, n = 3.
Betulin Plays a Protective Role in the DMM OA Model
We used the mouse DMM model induced by surgery. X-ray analysis, SO staining, HE staining, and the OARSI score were used to evaluate the severity of OA at 8 weeks after surgery. X-ray analysis showed that the joint space became narrower, and there existed hyperosteogeny in the DMM group, but this symptom was alleviated after the treatment of betulin (Figure 9A) (p < 0.01). SO staining and HE staining showed that there were more signs of destructive cartilage erosion on the articular cartilage surface in the DMM group than in the sham operation group (p < 0.05). The articular cartilage matrix was lost and a large amount of proteoglycan was degraded in the operation group. After betulin treatment, the cartilage matrix and cartilage thickness were alleviated, indicating that betulin thickened the articular cartilage and repaired the destruction of the articular cartilage (Figure 9C). The OARSI score was consistent with the above SO staining results (Figure 9B). Compared with the DMM group, the OARSI score decreased after betulin treatment (p < 0.01). The immunohistochemical staining of Nrf2 and p-AKT was used to further verify the effect of betulin on OA. As shown in the figure, the positive expression points of Nrf2 and p-AKT in the chondrocytes increased after betulin treatment (Figures 9D,F) (p < 0.01). In addition, we also performed immunohistochemical staining of inflammatory factors IL-6 and TNF-α. The results showed that the positive expression points of IL-6 and TNF-α in the chondrocytes decreased after betulin treatment, indicating that betulin inhibited the progression of inflammation in OA (Figure 9G) (p < 0.01). To sum up, Betulin inhibits the progression of OA in mice by activating the AKT/Nrf2/HO-1 signal axis in vivo.
[image: Figure 9]FIGURE 9 | Betulin inhibits the progression of DMM-induced OA in mice. The mice were randomly divided into three groups: the Sham group, DMM group, and DMM + Betulin group. The sham operation was performed in the Sham group, and the OA model was established in the DMM and DMM + Betulin groups. Eight weeks after operation, (A) X-ray imaging of the knee joints of the mice in the different experimental groups were performed, and betulin processing alleviated the stenosis of the joint space. (B–C) The knee joints of the mice in the different experimental groups were stained with SO staining and HE staining (scale: 50 μm), and the histological changes of OA were evaluated by the score of the OARSI. (E) Immunohistochemical staining of p-AKT, Nrf2, IL-6, and TNF-α expression in the cartilage specimens (scale: 50 μm). (D–G) The percentage of p-AKT, Nrf2, IL-6, and TNF-α positive cells in each section was quantitatively analyzed by Image-Pro Plus software. The data in the figure show that the average value is ±SD, **p < 0.01 compared with the control group, $$p < 0.01 compared with the DMM group, n = 6.
DISCUSSION
The current research results show that betulin plays an anti-inflammatory role in the chondrocytes by activating the AKT/NRF-2/HO-1 pathway and inhibits the generation of pro-inflammatory cytokines (IL-6 and TNF-α) and enzymes (iNOS and COX-2) by inhibiting the NF-κB pathway, indicating that betulin is a potential candidate drug for the treatment of OA.
OA is one of world's most common degenerative diseases, especially among the elderly (Thysen et al., 2015). Existing evidence shows that inflammatory mechanism plays an important role in regulating biomechanical disorders of the joint tissue, resulting in OA occurrence and development (Wojdasiewicz et al., 2014). The subchondral bone as the source of inflammatory mediators participates in the pain process of OA. However, there is no effective drug treatment for OA (da Costa et al., 2017). Despite the wide application of nonsteroidal anti-inflammatory drugs in clinics (Sun et al., 2017), these can only temporarily relieve clinical symptoms, while their overuse will lead to serious adverse reactions. Therefore, a safe and effective drug with few side effects is needed. In recent years, plant-derived compounds have been provided to have good anti-inflammatory effects with less side reactions. They have attracted researchers' interest as drugs for the treatment of OA, among which betulin is one. It has biological activity including anti-inflammation (Ci et al., 2017; Ra et al., 2017). Therefore, this experiment mainly verifies whether betulin has a protective effect on OA. Through this experiment, we have discovered that betulin can inhibit the release of pro-inflammatory factors and inhibit the degradation of extracellular matrix of chondrocytes. In addition, we have also explored the mechanism of betulin in OA. Betulin inhibits the development of inflammation mainly by activating the AKT/Nrf2/HO-1 pathway and inhibiting the NF-κB pathway. To sum up, betulin can improve the injury of the articular cartilage and inhibit the progression of OA.
NF-κB is a nuclear transcription activator under research in recent years, with significant effect on the generation of inflammatory cytokines (Chun et al., 2014; Srinivasan and Lahiri, 2015). As it regulates the expression of inflammatory mediators, it is a target for the treatment of inflammatory diseases. Under physiological conditions, the NF-κB dimer binds to IκBα (inhibitor protein) in a state of inactivation. When stimulated, IκBα is degraded by phosphorylation, and p65 phosphorylation is transferred to the nucleus, inducing the overexpression of various inflammatory factors and aggravating the development of inflammation. It is reported that inhibiting the expression of p65 can block the expression of inflammatory mediators in chondrocytes stimulated by IL-1β (Hou et al., 2017). Therefore, in this experiment, we discussed the relationship between betulin and NF-κB signaling, betulin could inhibit the phosphorylation of NF-κB p65 and its translocation to the nucleus, thereby downregulating the expression and secretion of pro-inflammatory cytokines to play an anti-inflammatory effect.
AKT is a serine/threonine kinase and a downstream signal molecule of PI3K, activated by it (Zhang et al., 2015; Li et al., 2017; Ouyang et al., 2017). It regulates the release of inflammatory cytokines and plays an important role in various disease models as verified by studies (Yan et al., 2018). Thus, we speculate whether betulin also inhibits the progression of OA by activating AKT phosphorylation. As we expected, the phosphorylated expression of AKT was enhanced and the expression of Nrf2 in the nucleus was activated under the effect of betulin, indicating that AKT participated in the anti-inflammatory process of betulin. In addition, a large number of studies have shown that Nrf2 is a redox transcription factor and a major participant in antioxidant response (Motohashi and Yamamoto, 2004). PI3K can also promote neuronal survival by activating Akt phosphorylation and Nrf2 nuclear translocation as reported (de Oliveira et al., 2016). This experiment also proved that betulin-induced Nrf2 nuclear translocation was inhibited after being pretreated with MK2206 (AKT inhibitor), suggesting that the activation of the AKT pathway can increase Nrf2 nuclear translocation and enhance Nrf2 expression of antioxidant and anti-inflammatory genes in the nucleus, thus playing an anti-inflammatory role. To sum up, betulin exerts its anti-inflammatory effect by activating the AKT pathway to promote nuclear transfer of Nrf2.
HO-1 is the most important antioxidant enzyme in vivo with anti-inflammatory effects (Poss and Tonegawa, 1997; Yachie et al., 1999). Some studies have revealed that HO-1 is regulated by the Nrf2 signal pathway (Chen et al., 2003; Pittalà et al., 2013). Under physiological conditions, Nrf2 maintains its stability through the combining with Keap1 (Jaiswal, 2004). When stimulated, after dissociation from Keap1, Nrf2 enters the nucleus and binds to antioxidant response elements, resulting in the upregulation of downstream genes, such as HO-1 (Nguyen et al., 2009). In this study, we found that betulin activated the AKT/Nrf2/HO-1 signaling pathway. In addition, we also found that the pretreatment with HO-1 inhibitors (SnPP-IX) could inhibit the activation of NF-κB signal induced by IL-1β and could reverse betulin's anti-inflammatory effect, indicating that betulin plays an anti-inflammatory effect by activating the AKT/Nrf2/HO-1/NF-κB signal pathway. In addition, this conclusion was further confirmed by in vivo experiments. In short, Betulin may serve as therapeutic target for OA (Figure 10).
[image: Figure 10]FIGURE 10 | Schematic diagram: The molecular mechanism of betulin involved in the progress of OA.
In summary, these results suggest that betulin significantly inhibits the inflammatory reaction of OA induced by IL-1β by activating the AKT/Nrf2/HO-1/NF-κB signal axis, further indicating that betulin, with significant anti-inflammatory effects, can serve as a safe and effective natural medicine for the treatment of OA.
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Chronic pancreatitis (CP) is a progressive fibro-inflammatory syndrome. The damage of acinar cells is the main cause of inflammation and the activation of pancreatic stellate cells (PSCs), which can thereby possibly further aggravate the apoptosis of more acinar cells. Saikosaponind (SSd), a major active ingredient derived from Chinese medicinal herb bupleurum falcatum, which exerted multiple pharmacological effects. However, it is not clear whether SSd protects pancreatic injury of CP via regulating the apoptosis of pancreatic acinar cells. This study systematically investigated the effect of SSd on pancreatic injury of CP in vivo and in vitro. The results revealed that SSd attenuate pancreatic damage, decrease the apoptosis and suppress the phosphorylation level of MAPK family proteins (JNK1/2, ERK1/2, and p38 MAPK) significantly in the pancreas of CP rats. In addition, SSd markedly reduced the apoptosis and inflammation of pancreatic acinar AR42J cells induced by cerulein, a drug induced CP, or Conditioned Medium from PSCs (PSCs-CM) or the combination of PSCs-CM and cerulein. Moreover, SSd significantly inhibited the activated phosphorylation of JNK1/2, ERK1/2, and p38 MAPK induced by cerulein or the combination of PSCs-CM and cerulein in AR42J cells. Furthermore, SSd treatment markedly decreased the protein levels of p-JNK and p-p38 MAPK caused by PSCs-CM alone. In conclusion, SSd ameliorated pancreatic injury, suppressed AR42J inflammation and apoptosis induced by cerulein, interrupted the effect of PSCs-CM on AR42J cells inflammation and apoptosis, possibly through MAPK pathway.
Keywords: chronic pancreatitis, saikosaponin d, AR42J acini cell, apoptosis, MAPK pathway
INTRODUCTION
Pancreatitis is an inflammatory disease of the pancreas and divided into acute and chronic pancreatitis. Chronic pancreatitis (CP) is characterized by irreversible inflammatory disorders that leading to fibrotic destruction of pancreatic parenchyma, endocrine, and exocrine dysfunction (Sheth et al., 2017). CP develops due to repeated episodes of acute pancreatitis (AP) resulting in the activation of pancreatic stellate cells (PSCs); thus fibrosis (Beyer et al., 2020). There is no specific treatment for CP. Elucidation to the new targets of the injured pancreas and the interplay with the cells will help identify potential therapies.
Previous studies on CP focuses on pancreatic stellate cells (PSCs), which majorly involved in the process of fibrosis. Acinar cell injury is the central to AP. However, the role of acinar cells in CP was less studied. It was well accepted that the process of cellular apoptosis of acinar cells was observed during the course of CP and the acinar cell apoptosis index was higher in CP than controls (Su et al., 2001; Bateman et al., 2002). In the early stage of CP, acinar cells were firstly damaged and initiated a cascade of pancreatic autodigestion and inflammation. The acinar cell injury involves acinar cell release of inflammatory mediators, activation of PSCs and recruitment of various immune cells (Patel Fine., 2005). The activated PSCs ultimately produce excessive extracellular matrix (ECM), manifested as pancreatic fibrosis (Chen et al., 2012; Erkan et al., 2012). In turn, the activated PSCs secret kinds of cytokines and chemokines that further facilitate the apoptosis of acinar cells (Xia et al., 2018). Therefore, preventing or suppressing the injury of acinar cells might be an efficacious therapeutic strategy for CP.
Matsushita et al. found that the apoptosis of pancreatic acinar cells was increased in a dibutyltin dichloride (DBTC) induced CP model (Matsushita et al., 2012). Apoptosis refers to a programmed form of cell death after being subjected to various stimuli (D’Arcy 2019). The role of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2 in regulating apoptosis are mainly to change the mitochondria Permeation of the outer membrane and regulate the release of cytochrome C. Then cytochrome C activates Caspase-9 and effector apoptotic protease Caspase-3. Afterwards, activated Caspase-3 trigger the cascade of apoptosis, and eventually lead to apoptosis (Jia et al., 2012). The MAPK family includes three members: p38 MAPK, c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase 1 and 2 (ERK1/2). ERK, JNK, and p38 MAPK have been reported increased in mice CP model (Xu et al., 2018). Moreover, growing evidence demonstrated that the activation of MAPK cascades promoting cell apoptosis (Liu et al., 2018; Zakki et al., 2018).
Saikosaponin d (SSd) is a triterpenoid saponin compound derived from the plant Bupleurum falcatum. SSd has been reported to exert multiple pharmacological effects, including anti-inflammation activity (Wang et al., 2015). Recently, our previous study suggested that SSd inhibited autophagy of PSCs through PI3K/Akt/mTOR pathway, thus ameliorated pancreatic fibrosis (Cui et al., 2019), However, it is not clear whether SSd protect pancreatic injury of CP via regulating the apoptosis of pancreatic acinar cells.
In the present study, we measured the effects of SSd on DBTC induced pancreatic injury in vivo, and investigated the regulation of SSd on the cell apoptosis in AR42J cells in vitro. We found that SSd notably ameliorated pancreatic injury through reduced the number of apoptotic pancreatic acinar cells via inhibiting MAPK pathway. Furthermore, SSd protected the cerulein-induced injury of AR42J cells through suppressing MAPK pathway. Meanwhile, further exploration suggested that SSd interrupted the effects of PSCs-CM and the combination of PSCs-CM and cerulein on AR42J cells apoptosis through MAPK pathway. Thus, our findings might help to comprehensively elucidate the role of SSd in protecting pancreatic injury in CP.
METHODS
Materials and Reagents
Saikosaponin d (SSd) was purchased from Beijing Shenzhou Kechuang chemical technology research institute (purity>98%; Beijing, China). Its chemical structure is shown in the Figure 1A. GAPDH (#5174), Bax (#2772), Bcl-2 (#2876), Caspase-3 (#14220), Cleaved-caspase-3 (#9664), Caspase-9 (#9508), Phospho-p38 MAPK (#9211), p-JNK (#9255), JNK (#9252), and p-ERK1/2 (#8544) antibodies were obtained from Cell Signalling Technologies (Beverly, MA, United States). Cerulein (HY-A0190) were purchased from Med Chem Express (Shanghai, China).
[image: Figure 1]FIGURE 1 | Effects of SSd on the histological changes, serum amylase and lipase in DBTC-induced CP (A) The chemical structure of SSd (B) Schematic of in vivo experiment design. (C) The pathological score of H and E staining (original magnification, ×200). (D) Serum amylase levels. (E) Serum lipase levels. (F) The levels of IL-6, TNF-α, and IL-1β in serum. (G) The levels of IL-6, TNF-α, and IL-1β in pancreatic tissue. (n = 6–8, ∗p < 0.05 vs. Sham group; #p < 0.05 vs. CP group).
Animals and CP Model
Male Wistar rats (weighting, 150–170 g) were purchased from Beijing Huafukang Biotechnology Co., Ltd (Beijing, China). All experiments were conducted in accordance with the Chinese Guide for the Care and Use of Laboratory Animals as well as the methods for the management of experimental animals. All experiments were approved by the Medicine Ethical Committee of Tianjin Nankai hospital. All animals were randomly assigned into three groups including the control group, the CP group and the CP treated with SSd group (eight mice for each group) according to the experimental design outlined in Figure 1B.
The rat model of CP was induced by caudal vein injection of 7 mg/kg DBTC (Sigma Aldrich, United States) (Cui et al., 2019). Briefly, DBTC (Sigma-Aldrich, China) was dissolved in 100% ethanol first (one part), mixed with glycerol (two parts) and finally mixed with DMSO (two parts). The proportion of three solutions was 1:2:2. The CP group and SSd group were injected DBTC solution (7 mg/kg body weight) into the caudal vein. (Inoue et al., 2002). For the control group, the rats were injected with vehicle (ethanol:glycerol:DMSO, 1:2:2) only. The day after DBTC induction, the rats were orally administered with normal saline (with 0.5% carboxymethyl cellulose, (Na-CMC)) or 1 mg/kg/d SSd in 1.0 ml saline (with 0.5% Na-CMC). Rats were euthanized and analyzed after 4 weeks.
Histological Examinations
Haematoxylin and eosin (H and E) staining was used to explore the changes of histology in the pancreas. Pancreas was rapidly removed and immediately fixed in 4% paraformaldehyde solution. Fixed tissues were cut into 5 μm sections and used for H and E staining. The pancreatic histopathology scores were calculated by evaluating the following criteria: edema, acinar vacuolization and necrosis, and proinflammatory cell infiltration, in accordance with previous reports (Niina, et al., 2014) (0 is normal and 4 is severe).
Serum Parameters
Serum amylase and lipase activities were measured by using assay kits (C016-1, A054-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) with spectrophotometric determination according to the manufacturer’s protocols.
ELISA
The inflammatory factors IL-6, TNFα, and IL-1β in serum and pancreatic tissue were estimated by using assay kits (CSB-E04640r, CSB-E11987r, CSB-E08055r, CusaBio, Wuhan, China) according to the manufacturer’s protocols.
In Situ TUNEL Fluorescence Staining Assay
A TdT-mediated dUTP nick-end labeling (TUNEL) assay (Promega, Wisconsin, United States) was performed to identify the apoptotic cell in situ. Briefly, the paraffined pancreatic sections were dewaxed to hydrate, covered with protease K for 30 min at 37°C. The slides were washed by PBS and then incubated with TUNEL reaction mixed solution at 37°C for 1 h. For analysis, the images were captured with fluorescence microscope (Leica, German) and the apoptotic cells were stained green. To avoid histological differences between the samples, five visual fields were randomly selected for each slice (six rats per group, n = 6). The Image Pro Plus 6.0 software were used to analyzed the percentage of TUNEL-positive cells (%) in the pancreas.
Cell Lines and Culture Conditions
Rat pancreatic acinar AR42J cells were obtained from ProCell (CL-0025, Wuhan, Hubei, China) and cultured in Ham’s Fe12 K medium containing 20% fetal bovine serum and 1% penicillin/streptomycin.
Cell Viability Assay
AR42J were seeded in 96-well plate with 5 × 103 cells/well. Cells were treated with different concentrations of SSd (0, 1, 10, 20, 30, 40 or 50 μM) for 24 h, then added 10 μl Cell Counting Kit-8 solution (Beyotime, Shanghai, China) to each well. After incubation for another 4 h, the absorbance at 450 nm was determined by microplate reader. The percentage of viable cells was calculated using the following formula: Cell viability (%) = [(A450 treated-A450blank)/(A450 control-A450blank)] × 100.
Isolation, Identification and Culture of Rat PSCs
The primary PSCs were isolated from rat pancreas using Nycodenz (Axis-Shield, Norway) density gradient centrifugation as reported previously (Li, et al., 2018). Then PSCs were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin/streptomycin). The third to fifth generation of PSCs were used for experiments.
Preparation of Conditioned Medium From PSCs (PSCs-CM)
PSCs (passage 3) were seeded at 5 × 105 cells per 10-cm plate in DMEM medium. PSCs reached 80% confluence and then placed in serum-free medium for 24 h. The medium was then collected for in vitro experiments.
Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA was isolated by Trizol (Takara, China) according to the manufacturer’s protocol. Total RNA (1 μg) of each sample was reverse-transcribed into cDNA using Revert Aid First Strand cDNA Synthesis Kit (K1622, Thermo, United States). qPCR was performed to quantify gene expression levels by using Go Taq® Qpcr Master Mix Kit (cat.no. A6001, Promega, Wisconsin, United States). Primer sequences are listed in Table 1. The results were quantified as 2-△△Ct. The relative mRNA expression data are shown as the relative fold change normalized to GAPDH.
TABLE 1 | Primers used for RT-qPCR analysis.
[image: Table 1]Western Blot Analysis
Rat pancreas tissue samples and cell were lysed using Protein lysates RIPA buffer (Solarbio, Beijing, China). BCA protein assay Kit (Thermo, United States) was used to measure the protein concentrations. Protein samples were separated by SDS-PAGE and subsequently transferred to the PVDF membrane (Millipore, United States). After blocking with 5% non-fat milk, the membranes were probed with primary antibodies at 4°C overnight, followed by incubation with secondary antibodies (1:50,000) for 2 h at room temperature. The proteins were visualized using the Chemiluminescent Substrate Kit (Affinity Biosciences, United States) and calculated using the Chemidoc XRS System (Bio-Rad, United States).
Apoptosis Analysis
Annexin V-FITC/PI apoptosis detection kit (Sungene Biotech, Tianjin, China) was used to detect the effect of SSd on AR42J apoptosis according to the manufacturer’s instruction. The samples were measured by a FACScan flow cytometer (Beckman, CA, United States) as previously described (Cui, et al., 2020).
Statistical Analyses
Results were presented as Mean ± SD. Data were analyzed via one-way ANOVA (multiple groups) and GraphPad Prism software 6. p value <0.05 was considered as statistically significant.
RESULTS
SSd Attenuates Pancreatic Injury in DBTC-Induced CP
In CP, due to the long-term injury of acinar cells resulting the atrophy of acinar cells and dysfunction of pancreas. To investigate the protective effect of SSd on pancreatic injury of CP, we comprehensively evaluated the pancreatic function of each group. As shown in Figure 1C, H and E staining indicated that SSd alleviated pancreatic injury in DBTC-induced CP rats. Pancreatic pathology score revealed that SSd effectively reduced pancreatic injury of CP (p < 0.05, Figure 1B). However, as shown in Figures 1D,E, the activities of serum amylase and lipase were no statistical significance in DBTC-induced rats. Additionally, we detected the expression of several key inflammatory factors in the CP model. We observed a gradual increase of the levels of IL-6, TNF-α, and IL-1β in serum and pancreatic tissues in DBTC-induced CP rats. Importantly, SSd treatment substantially decreased the expression of these inflammatory factors (Figures 1F,G).
SSd Alleviates the Apoptosis of Pancreatic Cells in DBTC-Induced CP
The development of CP was also accompanied by apoptosis and necrosis of pancreatic cells and it is a strategy to mitigate the pancreatic tissue damage by suppressing excessive apoptosis and necrosis (Erkan et al., 2012). TUNEL staining and western blot were used to investigate whether SSd can alleviate the apoptosis of pancreatic cells in CP rats. As shown in Figure 2A, the number of TUNEL-positive pancreatic cells was markedly elevated in DBTC-induced CP rats, While SSd notably decreased the number of TUNEL-positive pancreatic cells. Subsequently, western blot results suggested that the protein levels of pro-apoptotic protein Bax, cleaved caspase-9, and the cleaved caspase-3 were significantly increased whereas the expression of anti-apoptotic protein Bcl-2, Pro-caspase-9, and Pro-cspase-3 were reduced in DBTC-induced CP rats (p < 0.05). SSd treatment significantly inhibited the protein levels of Bax, Cleaved-caspase-9, and Cleaved-caspase-3, while increased the expression of Bcl-2, Pro-caspase-9 and Pro-caspase-3 (Figures 2B,C). These observations suggested that SSd administration suppressed the apoptosis of pancreatic cells caused by CP.
[image: Figure 2]FIGURE 2 | SSd alleviates pancreatic injury in DBTC-induced CP. (A) Apoptosis of pancreatic cells were detected by TUNEL staining. (B) Western blot analysis of BAX, Bcl-2 in the pancreas. (C) Western blot analysis of apoptotic proteins Pro-caspase-3, Cleaved-caspase-3, Pro-caspase-9, and Cleaved-caspase-9 in the pancreas. Data are shown as the mean ± SEM of at least three independent experiments. (n = 6–8, ∗p < 0.05 vs. Sham group; #p < 0.05 vs. CP group).
SSd Treatment Suppressed MAPK Cascades in DBTC-Induced CP
We analyzed the expression of the MAPK pathway in pancreatic tissues. The expression of p-JNK, p-ERK1/2, and p-p38 MAPK were significantly increased in the DBTC-induced CP group compared with the normal control group while SSd treatment notably decreased the levels of the p-JNK, p-ERK1/2 and p-p38 MAPK compared with the DBTC-induced CP group (Figure 3). Therefore, SSd could alleviate the pancreatic injury and inflammation in vivo maybe through suppressing the phosphorylation of MAPK pathway.
[image: Figure 3]FIGURE 3 | SSd inhibited the phosphorylation activation of MAPK family proteins in DBTC-induced CP. Western blot analysis of p-JNK, p-ERK 1/2, and p-p38 MAPK. (n = 6–8, ∗ p < 0.05 vs. Sham group; #p < 0.05 vs. CP group).
SSd Attenuated Apoptosis and Inflammation of AR42J Cells Induced by Cerulein
Firstly, Cell viability of AR42J treated with different doses of SSd for 24 h was detected by CCK8. As shown in Figure 4A, the viability of AR42J gradually decreased in a dose-dependent manner with SSd administrated. Therefore, we choose 2.5 and 5 μM SSd (relevant cell viability was not affected) in following experiments. We next detected the protective role of SSd against cerulein-induced AR42J cells apoptosis, we measured cell apoptosis by staining the cells with Annexin V-FITC/PI. As shown in Figure 4B, cerulein (10 nM) significantly induced both early and late apoptosis of AR42J cells. Meanwhile, the mRNA transcription and protein levels of the Bax was significantly increased while Bcl-2 was markedly decreased induced by cerulein (Figure 4C). Western blot results indicated that cerulein significantly decreased the protein levels of the Pro-caspase-9 and the Pro-caspase-3 and increased the levels of the Cleaved-caspase-9 and the Cleaved-caspase-3 (Figures 4D,E). On the contrary, SSd treatment markedly suppressed the apoptotic events in AR42J cells pre-incubated with cerulein. Besides, we also found that SSd treatment notably decreased the levels of IL-6, TNF-α, and IL-1β in AR42J cells induced by cerulein (Figure 4C). Taken together, these findings suggested that SSd administration protected AR42J cells from apoptosis and inflammation induced by cerulein.
[image: Figure 4]FIGURE 4 | SSd attenuated apoptosis and inflammation of AR42J cells induced by cerulein. (A) CCK8 assay detected the cell viability of AR42J after SSd treatment. (B) Flow cytometry analysis of apoptosis of AR42J. AR42J were pre-treated with cerulein 10 nM for 1 h, then incubated with or without 2.5 μM or 5 μM SSd for 24 h. (C) RT-PCR analysis of Bax, Bcl-2, IL-6, TNF-α, and IL-1β. (D) Western blot analysis of Bax and Bcl-2. (E) Western blot analysis of C Pro-caspase-3, Cleaved-caspase-3, Pro-caspase-9, and Cleaved-caspase-9. Data are shown as the mean ± SEM of at least three independent experiments (*p < 0.05 compared with the control group, #p < 0.05 compared with the cerulein induced group).
SSd Reduced Apoptosis and Inflammation of AR42J Cells Induced by PSCs-CM or PSCs-CM and Cerulein Combination
In a previous study, Xia et al. found that the CM from LTC-14 PSCs instigated apoptosis in the AR42J cells (Xia, et al., 2018). In our co-culturing experiments, we detected the co-culturing effects of the CM from PSCs on the apoptosis and inflammation of AR42J cells. Consistent with previous finding, we found that the PSCs-CM could also induce the apoptosis and inflammation of AR42J. As shown in Figure 5A, PSCs-CM significantly promoted the apoptotic ratio of AR42J. PSCs-CM also markedly increased the mRNA levels of IL-6, TNF-α, IL-1β, and Bax while decreased the level of Bcl-2 (Figure 5B). Moreover, Western blotting result showed that the protein levels of Bax, Cleaved-caspase-3, and Cleaved-caspase-9 were significantly increased whereas the expression of Bcl-2 and Pro-caspase-9 decreased with PSCs-CM treatment (Figures 5C,D). But such detrimental effects of PSCs-CM were markedly declined by SSd treatment at 5 μM (Figures 5A–D).
[image: Figure 5]FIGURE 5 | SSd reduced apoptosis and inflammation of AR42J cells induced by PSCs-CM or PSCs-CM and cerulein combination. AR42J cells were pre-treated with PSCs-CM with 5 μM SSd or 10 nM cerulein or 10 nM cerulein and 5 μM SSd for 24 h. (A) Flow cytometry analysis of apoptosis of AR42J. (B) RT-PCR analysis of Bax, Bcl-2, IL-6, TNF-α, and IL-1β. (C) Western blot analysis of Bax and Bcl-2. (D) Western blot analysis of Pro-caspase-3, Cleaved-caspase-3, Pro-caspase-9, and Cleaved-caspase-9. Data are shown as the mean ± SEM of at least three independent experiments. (*p < 0.05 compared with the control group, #p < 0.05 compared with the PSCs-CM group, and p < 0.05 compared with PSCs-CM + cerulein group).
Then, to analyze whether PSCs-CM and cerulein combination enhance the apoptosis of AR42J, AR42J was pretreated with cerulein for 1 h prior of PSCs-CM treatment. As expected, we observed that PSCs-CM and cerulein combination greatly induced the apoptosis ratio and the inflammation of AR42J compared with PSCs-CM treatment alone (Figures 5A,B). Additionally, PSCs-CM and cerulein combination substantially decreased the expression of Pro-caspase-3 while increased the protein level of Cleaved-caspase-3 compared with PSCs-CM treatment alone, but there was no significant difference in the Bax, Bcl-2, Pro-caspase-9, and Cleaved-caspase-9 between the PSCs-CM and cerulein combination group and the PSCs-CM treatment alone group. (Figures 5C,D). However, such apoptotic events were inhibited by the SSd administration at 5 μM (Figures 5A–D). In summary, these in vitro results showed that the inflammation and acinar cell apoptosis caused by PSCs-CM alone or PSCs-CM and cerulein combination were substantially supressed by SSd treatment.
SSd Inhibited the Activity of MAPK Cascades in AR42J
To further explore mechanism of the protective effects of SSd on the cerulein-induced apoptosis of AR42J, we detected the expression of MAPK pathway. As shown in Figure 6A, the increase in p-JNK, p-ERK1/2, and p-p38 MAPK expressions in AR42J cells induced by cerulein were greatly suppressed by SSd administration.
[image: Figure 6]FIGURE 6 | Effect of SSd on AR42J apoptosis and inflammation through the MAPK pathway. (A) Western blot analysis of p-JNK, p-ERK 1/2, and p-p38 MAPK. AR42J were pre-treated with cerulein 10 nM for 1h, then incubated with or without 5 μM or 10 μM SSd for 24 h. (B) Western blot analysis of p-JNK, p-ERK 1/2, and p-p38 MAPK. AR42J cells were pre-treated with PSCs-CM with 5 μM SSd or 10 nM cerulein or 10 nM cerulein and 5 μM SSd for 24 h. Data are shown as the mean ± SEM of at least three independent experiments. (*p < 0.05 compared with the control group, #p < 0.05 compared with the cerulein induced group, ^p < 0.05 compared with the PSCs-CM group, and p < 0.05 compared with PSCs-CM + cerulein group).
Moreover, the western blot results also showed that PSCs-CM significantly increased the expression of p-JNK and p-p38 MAPK, but had no effect on the expression of p-ERK while SSd treatment markedly decreased the protein levels of p-JNK and p-p38 MAPK (Figure 6B). Additionally, PSCs-CM and cerulein combination notably increased the phosphorylation of JNK1/2, ERK1/2, and p38 MAPK compared with PSCs-CM treatment alone, and SSd could significantly inhibit their phosphorylation levels (Figure 6B). These data demonstrated that the protection of SSd on the apoptosis and inflammation of AR42J cells is through down-regulated the phosphorylation of JNK1/2, ERK1/2, and p38 MAPK. Although exact molecular mechanisms of such an interplay remain to be investigated.
DISCUSSION
In the present study, to further confirm whether SSd could alleviate pancreatic injury during the development of CP, we using a DBTC-induced CP model. The results revealed that SSd attenuate pancreatic damage, decrease the apoptosis and suppress the phosphorylation level of MAPK family proteins (JNK1/2, ERK1/2, and p38 MAPK) significantly in the pancreas of CP rats. The in vitro studies have shown that SSd attenuated the apoptosis of AR42J induced by cerulein or PSCs-CM or the combination of PSCs-CM and cerulein through significantly inhibited the activated phosphorylation of JNK1/2 and p38 MAPK.
CP is characterized by inflammation and fibrosis. The injury of pancreatic acinar cells caused the inflammation and the excessive activation of PSCs induced the fibrosis. Recently, our previous study demonstrated that SSd inhibited autophagy of PSCs, thus ameliorated pancreatic fibrosis (Cui et al., 2019). The current study is the first study to investigate the effects of SSd treatment on the pancreatic injury and inflammation of CP via regulating the apoptosis of pancreatic acinar cells. Pancreatic acinar cells play a key role in the initiation of pancreatitis. Brigitte et al. reported that during the development of DBTC-induced CP in rats, there were distinct parenchymal cell damage, which characterized by a significant increase in serum amylase and lipase activities during the early period upon DBTC exposure. however, the activities returned to normal levels at days 28 (Glawe et al., 2005). In the present study, we used a rat experimental DBTC-induced CP model and also found that the activities of serum amylase and lipase were no statistical significance in DBTC-induced rats at days 28. Furthermore, Norio et al. reported that the apoptotic index of pancreatic acinar cells in DBTC administered rats were significantly increased (Matsushita et al., 2012). In this study, the results indicated that DBTC strikingly increased the number of apoptotic pancreatic acinar cells and the Western blot results of apoptotic-related protein levels of Bax, Bcl-2, Pro-caspase-9, Cleaved-caspase-9, Pro-caspase-3, and Cleaved-caspase-3 further confirmed this. Whereas SSd administration significantly reduced the apoptosis of acinar cells. MAPKs regulate many cellular processes, including growth, differentiation, survival, and apoptosis, as well as cytokine production, and have been reported increased in mice CP model (Lee et al., 2003). Our study indicated that SSd markedly inhibited the phosphorylation of JNK, ERK1/2, and p38 MAPK in DBTC-induced CP model.
Previous studies revealed that cerulein-stimulated apoptosis of AR42J cells via up-regulation of IL-6 (Yu et al., 2005). It is worth mentioning that SSd possesses anti-inflammatory activity. SSd suppresses pro-inflammatory cytokines including TNF-α, IL-6 (Lu, et al., 2012). In this study, we treated AR42J cells with 10 nM cerulein for 24 h in vitro. Similar to these aforementioned findings, our results showed that cerulein increased cytokines expression (including IL-6,TNF-α and IL-1β) and the apoptosis of AR42J cells. Whereas SSd could protect the pancreatic acinar cells from injury not only by decreased the expressions of IL-6 and TNF-α but also inhibited the apoptosis of AR42J cells. An increasing evidence demonstrated that initial damage to the acinar cells induced the activation of PSCs, which can thereby possibly further aggravate the destruction and apoptosis of more acinar cells, generating a vicious circle (Gryshchenko et al., 2018; Xia et al., 2018). Therefore, we also evaluated the impact of SSd on the inflammation and apoptosis induced by PSCs-CM or the combination of PSCs-CM and cerulein in AR42J cells. The results indicated that the CM from primary PSCs, is similar to cerulein, could also increase the mRNA levels of IL-6,TNF-α and IL-1β, and promote the apoptosis of AR42J cells. Then, SSd treatment reduced the apoptosis of AR42J cells induced by PSCs-CM. Furthermore, PSCs-CM and cerulein combination greatly induced the apoptosis and inflammation of AR42J compared with PSCs-CM treatment alone, but such detrimental effects were also markedly reduced by SSd administration. However, we don’t know that how many pro-inflammatory cytokines are contained in PSCs-CM and which cytokines of PSCs-CM are essential for inducing the apoptosis of AR42J. Interestingly, activation of PSCs can occur by both autocrine and paracrine mechanisms. Among them, autocrine cytokines include IL-1, IL-6, interleukin-8 (IL-8), TNF-α, transforming growth factor-beta1 (TGF-β1), platelet derived growth factor (PDGF), monocyte chemoattractant protein-1 (MCP-1) and so on (Bynigeri et al., 2017). Several studies showed SSd decreased the expression of pro-inflammatory cytokines including IL-6, TNF-α, and IL-1β (Wang et al., 2015; Ma et al., 2015). Therefore, we speculated that SSd exerts its anti-inflammatory effect by neutralizing the proinflammatory cytokines IL-6, TNF-α, and IL-1β contained in PSCs-CM. We will perform a large-scale cytokine analysis (or transcriptome analysis) to seek the essential cytokines in our future work.
We further investigated molecules that regulate apoptosis and inflammation after treatment with SSd. Cerulein induces cytokine expression and apoptotic cell death may be regulated by MAPK in pancreatic acinar cells (Lee et al., 2003). Lin, et al. reported SSd reduces HO-induced PC12 cell apoptosis by blocking MAPK-dependent oxidative damage (Lin et al., 2016). In order to explore the mechanisms, we detected the expression of the phosphorylation of JNK, ERK1/2, and p38 MAPK upon SSd treatment in vitro. The results indicated that SSd could reduce cerulein induced AR42J apoptosis via suppressing the MAPK signaling pathways. Moreover, we also found that PSCs-CM could significantly increase the protein levels of p-p38 and p-JNK, but there was no obvious alteration of p-ERK1/2. Additionally, PSCs-CM and cerulein combination notably increased the phosphorylation of JNK1/2, ERK1/2, and p38 MAPK compared with PSCs-CM treatment alone. Our study also demonstrated SSd strikingly suppressed the phosphorylation of JNK and p38 MAPK in both PSCs-CM alone and the combination of PSCs-CM and cerulein treatment in AR42J cells. A diverse set of transcription factors implicated in MAPK-induced apoptosis have been identified and validated (Cuenda et al., 2007; Zeke et al., 2016). Activator protein 1 (AP-1) and p53 were regulated by JNK and p38, which result in increased expression of pro-apoptotic proteins and decreased expression of anti-apoptotic proteins (Wang et al., 2021; Lu et al., 2020) and have been reported to be elevated in the apoptosis of pancreatic acinar cells (Lee et al., 2003; Tan et al., 2020). Therefore, we suspect that SSd regulate the apoptosis of AR42J cells induced by cerulein or PSCs-CM through AP-1 or p53 pathway. We need to verify it in our future work.
Of course, there are still several limitations exist in this study. Although we have shown the protective role of SSd from the pancreatic injury in DBTC-induced rats CP, we only measured the effect of a single dose of SSd. The dose-response effect of SSd in experimental CP remains unknown. So, we will confirm the optimal dosage of SSd in our future works. More importantly, we only measure the effects of PSCs-CM on the apoptosis of AR42J cells, but the effects of AR42J cells on the activation and apoptosis of PSCs were not detected. Besides, detailed mechanism of SSd on the effects of a crosstalk between PSCs and AR42J cells were not fully explain, which deserves further investigation.
In conclusion, the current study systematically explored the role of SSd in alleviating pancreatic injury in vivo and in vitro. Mechanistically, SSd exerted a marked protective effect on the inflammation and apoptosis of AR42J cells induced by cerulein via MAPK pathway. Furthermore, SSd interrupted the effects of PSCs-CM alone and the combination of PSCs-CM and cerulein on AR42J cells inflammation and apoptosis through MAPK pathway. Collectively, these results suggested that SSd could be a potential therapeutic agent for the clinical management of CP.
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Podophyllum sinense (P. sinense) has been used as a traditional herbal medicine for ages due to its extensive pharmaceutical activities, including antiproliferative, anti-inflammatory, antiviral, insecticidal effects, etc. Nevertheless, the specific bioactive constituents responsible for its antiproliferative, anti-inflammatory, and antiviral activities remain elusive, owing to its complicated and diversified chemical components. In order to explore these specific bioactive components and their potential interaction targets, affinity ultrafiltration with multiple drug targets coupled with high performance liquid chromatography/mass spectrometry (UF–HPLC/MS) strategy was developed to rapidly screen out and identify bioactive compounds against four well-known drug targets that are correlated to the application of P. sinense as a traditional medicine, namely, Topo I, Topo II, COX-2, and ACE2. As a result, 7, 10, 6, and 7 phytochemicals were screened out as the potential Topo I, Topo II, COX-2, and ACE2 ligands, respectively. Further confirmation of these potential bioactive components with antiproliferative and COX-2 inhibitory assays in vitro was also implemented. Herein, diphyllin and podophyllotoxin with higher EF values demonstrated higher inhibitory rates against A549 and HT-29 cells as compared with those of 5-FU and etoposide. The IC50 values of diphyllin were calculated at 6.46 ± 1.79 and 30.73 ± 0.56 μM on A549 and HT-29 cells, respectively. Moreover, diphyllin exhibited good COX-2 inhibitory activity with the IC50 value at 1.29 ± 0.14 μM, whereas indomethacin was 1.22 ± 0.08 μM. In addition, those representative constituents with good affinity on Topo I, Topo II, COX-2, or ACE2, such as diphyllin, podophyllotoxin, and diphyllin O-glucoside, were further validated with molecular docking analysis. Above all, the integrated method of UF–HPLC/MS with multiple drug targets rapidly singled out multi-target bioactive components and partly elucidated their action mechanisms regarding its multiple pharmacological effects from P. sinense, which could provide valuable information about its further development for the new multi-target drug discovery from natural medicines.
Keywords: Podophyllum sinense, ultrafiltration-LC/MS, antiproliferative, anti-inflammatory, multi-target
INTRODUCTION
The majority of drugs introduced into the body exert pharmacological effects through interaction with various corresponding biological target molecules. For instance, enzymes which play key roles in the pathogenicity and progression of certain disease with specific physiological functions have exerted great potentials in drug discovery and development as drug targets (Yao et al., 2013; Zhu et al., 2013). Recent studies demonstrated that enzyme inhibitors can inhibit the activity of specific enzymes related to certain diseases, thereby possessing huge potentials for the development of therapeutic drugs (Rengasamy et al., 2014; Orhan, 2019). Natural products have long been evolved to exhibit a wide range of chemical and functional diversities (Zhang et al., 2020), and thus play a crucial role in the field of new drug development as valuable biological resources (Chang et al., 2016). On the one hand, however, the chemical components from natural products, such as medicinal plants, are complicated and often act in a multi-target manner; on the other hand, these phytochemicals bring varied biological activities but also pose huge challenges to screen and identify the specific bioactive compounds, and further elucidate their corresponding mechanisms of action (Chen et al., 2018). In this context, it is pivotal to develop an efficient strategy to correlate their complex chemical ingredients with diverse pharmacological activities in order to decipher the chemical basis of the drug effects. Traditional herbal medicine has been proposed to prevent or cure diseases in a multi-component and multi-target way, but little or no direct evidence was provided so far. In order to meet this tough challenge, the present work aims to develop an affinity ultrafiltration LC/MS based multi-drug target strategy by taking Podophyllum sinense as an example.
P. sinense (H.L. Li) (Christenh. & Byng) belongs to Podophyllum, Berberidaceae. It has been regarded as a traditional Chinese folk medicine for many years and is widely distributed in Hubei, Sichuan, and Shaanxi provinces (Terabayashi et al., 1984). As the medicinal part, its rhizomes have been traditionally used for the treatment of contusions, fractures, snake bites, traumatic swelling, tracheitis, rheumatic pain, etc. (Zhao et al., 2014). Phytochemical studies indicate that P. sinense contains multitudinous bioactive ingredients, such as lignans, flavonoids, anthraquinones, and volatile oils (Ma et al., 1993). Among these ingredients, lignans are reported as the primary bioactive components and demonstrate remarkable antiproliferative, anti-inflammatory, antiviral, insecticidal activities (Castro et al., 2003; Yuan et al., 2011; Liu et al., 2015). However, the specific bioactive compounds responsible for its antiproliferative, anti-inflammatory, and antiviral activities remain unknown till date.
The first step to solve this puzzle is to explore the phytochemical basis of the pharmacological effects of P. sinense for some specific drug targets that are used in order to elucidate the potential mechanism of action. In this way, it is very urgent to develop an effective and comprehensive approach to correlate its holistic bioactivity to its multi-purpose chemical components. Especially, the UF–LC/MS strategy could fill this gap, since it can simultaneously screen out and identify the bioactive components correlated to specific drug targets, which is especially applicable to the complex extracts of natural products (Zhao et al., 2009; Cieśla and Moaddel, 2016). Affinity ultrafiltration can facilitate the rapid separation of small molecule ligands bound with large molecular receptors (drug targets) from unbound molecules, and LC–MS can enable the quick identification of potential bioactive ligands after they are released from the targets (Qin et al., 2015). In this regard, the combination of the two techniques is not only vital to reveal the effective phytochemicals of natural products, such as medicinal plants, but also conducive to drug discovery (Qin et al., 2015; Ma et al., 2020). To date, UF–LC/MS technology has been successfully applied to screen bioactive ingredients in natural products by employing various disease-related drug targets (Mulabagal and Calderón, 2010; Lavecchia et al., 2013; Li et al., 2015; Chen et al., 2020; Zhang et al., 2021).
In light of these inspiring research ideas and the research progress in both phytochemicals and pharmacology on P. sinense, Topo I, Topo II, COX-2, and ACE2 were chosen as the potential drug targets to synchronously screen for their correlated bioactive components. Among these drug targets, DNA topoisomerase (Topo) catalyzes the DNA topological changes by breaking DNA strands transiently and plays a fundamental role in cell life (You and Gao, 2019). Generally, DNA topos are divided into type I and type II, therein Topo I fractures a single strand of duplex DNA to alter the topological structure, while Topo II breaks double strands to transform the topological structure (Delgado et al., 2018). These two enzymes, belonging to ribozymes, maintain the normal topological heterogeneity of the double-stranded DNA and are highly expressed in tumor cells (Liang et al., 2019). Consequently, they have become pivotal therapeutic targets for anticancer drugs currently, and their novel inhibitors are being actively sought (Sinha, 1995; Liang et al., 2019). With regard to cyclooxygenase 2 (COX-2), it is known as a key rate-limiting enzyme in the biosynthesis of the prostaglandins (PGs), which plays a dominant role in the pathophysiological process of chronic inflammation and cancer (Regulski et al., 2016; Mahboubi Rabbani and Zarghi, 2019). That is to say, the synthesis of PGs could be blocked by inhibiting the activity of COX-2, which further induces tumor cell apoptosis and inhibit tumor angiogenesis, invasion, and metastasis (Peng et al., 2018). Meanwhile, COX-2 inhibitors are a new generation of antitumor drugs with fewer side effects and high curative powers, which can be used as auxiliary drugs for the treatment of cancer, and their design and synthesis have been the hot spots for researchers (Mahboubi Rabbani and Zarghi, 2019). As for angiotensin-converting enzyme II (ACE2), it is a type I transmembrane metal carboxypeptidase, a homolog of carboxypeptidase ACE, which generates angiotensin II, the main active peptide of the renin–angiotensin system (RAS) (Hooper et al., 2020). ACE2 is widely expressed in the human lungs, heart, liver, kidney, and gastrointestinal mucosa (Leung et al., 2020). Meanwhile, ACE2 also plays an extremely critical role in the whole process of SARS-CoV-2 infection and disease (Shahid et al., 2020). The first point is that ACE2 can act as a receptor and bind to the viral S protein to mediate viral infection. Several studies have indicated that the viral infection could upregulate the ACE2 receptor, which is the main binding receptor used by the SARS-CoV-2 virus to enter host cells, and then exert an essential impact on the pathogenesis of severe lung failure (Gheblawi et al., 2020). Moreover, ACE2 can also participate in the process of acute lung injury and can be used as a key regulator to protect against acute lung injury (Kuba et al., 2010). In addition, ACE2, a powerful negative regulator, can regulate the RAS and participate in the process of lowering blood pressure (Garvin et al., 2020). Finally, as an essential biomolecule for the expression of neutral amino acid transporters on the surface of epithelial cells, ACE2 can bind to amino acid transporters and affect the process of amino acid absorption by the intestines and kidneys (Kuba et al., 2010). To the best of our knowledge, we, for the first time combine the UF–LC/MS method with the above-mentioned four drug targets that are closely correlated to the reported pharmacological effects of P. sinense, aiming to simultaneously explore the correlations between its bioactive chemical components and the underlying mechanisms of antitumor, anti-inflammation, and antivirus, which could provide the first piece of evidence to show that it acts in a multi-target and multi-component manner. In addition, this work would also provide a sufficient theoretical basis for further drug research and development efforts and rational clinical use of P. sinense in the near future.
MATERIALS AND METHODS
Plant Materials
The medicinal material was the dried rhizome of P. sinense, and it was collected from the Shennongjia forest area in Hubei province. Afterward, the identification of the specimen was enthusiastically assisted by Professor Guangwan Hu, a senior taxonomist of the Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture (Wuhan Botanical Garden), Chinese Academy of Sciences. This material was packed in sealed polyethylene bags and then stored in the refrigerator at 4°C until further use.
Chemicals and Reagents
The chemical standards of diphyllin, diphyllin O-glucoside, podophyllotoxin, kaempferol, kaempferol 3-O-glucoside, and quercetin 3-O-glucoside (Purity ≥98.0%) were bought from Chengdu Alfa Biotechnology Co., Ltd. (Chengdu, China), Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China), and Shanghai Tauto Biotech Co., Ltd. (Shanghai, China), respectively. 5-Fluorouracil (5-FU), indomethacin, and etoposide were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China) and Shanghai Yuanye Bio-technology Co., Ltd. (Shanghai, China). Topo I, Topo II, COX-2, and ACE2 were provided by New England Biolabs (Ipswich, MA, United States), Sigma-Aldrich (St Louis, MO, United States), and Novoprotein (Shanghai, China), respectively. The protein-staining sulforhodamine B (SRB) cell proliferation and cytotoxicity detection kits were purchased from Shanghai BestBio Biotechnology Co., Ltd. (Shanghai, China). The COX-2 inhibitor screening assay kits were obtained from Shanghai Beyotime Biotechnology Co., Ltd. (Shanghai, China). The 30 kDa cut-off centrifugal ultrafiltration filters (YM-30) were bought from Millipore Co., Ltd. (Bedford, MA, United States). The Millipore membranes (0.22 µm) were purchased from Tianjin Jinteng Experiment Equipment Co., Ltd. (Tianjin, China). The HPLC grade solvents of formic acid (FA) and acetonitrile (ACN) were purchased from TEDIA Company Inc. (Fairfield, OH, United States). The pure water for the HPLC–ESI–MS was prepared by the EPED water system (Yeap Esselte Tech. Co., Nanjing, China). All other analytical grade chemicals and solvents were obtained from Shanghai Chemical Reagent Corp. (Shanghai, China).
Preparation of the Extracts from P. sinense
For the sample preparation, the rhizome of P. sinense was first crushed with a high-speed disintegrator. An aliquot of 200 g raw powders was weighed accurately and then was soaked in 90% ethanol overnight with the material-to-liquid ratio of 1:10. Next, ultrasonic extraction was performed at room temperature for 30 min. Then, the filtrate was obtained by vacuum filtration. And, the above extraction process was repeated two times. Finally, the three filtrates were combined and concentrated under reduced pressure to obtain ethanol extracts of P. sinense.
Affinity Ultrafiltration Procedures
The present affinity ultrafiltration screening procedures were carried out based on our previous methods with slight modifications (Chen et al., 2020). In brief, the crude extracts of P. sinense were accurately weighed and fully dissolved in tri (hydroxymethyl) aminomethane hydrochloride (Tris-HCl, pH 7.80) or phosphate buffer saline (PBS, pH 6.87) to prepare the sample solutions for ultrafiltration screening. One hundred microliters of tested sample solution (at a final concentration of 2 mg/ml) was incubated with 10 µl of Topo I (5 U), Topo II (2 U), COX-2 (4 U), or ACE2 (0.5 µg) in a constant temperature shaking incubator at 37°C for 40 min. After incubation, the mixtures were transferred to a 30 KD ultrafiltration tube and then centrifuged at 10,000 rpm for 10 min. Then, the filtrates were eluted by 200 μl of Tris-HCl or PBS three times to eliminate unbound ligands. Subsequently, the ligands specifically bound to Topo I, Topo II, COX-2, or ACE2 were released from the complexes by cultivating 10 min at room temperature with 200 µl of 90% methanol, and after that they were centrifuged at 10,000 rpm for 10 min with three times. Ultimately, all the residues above were collected and reestablished in 50 µl of methanol after lyophilizing, and then analyzed using the HPLC–ESI–MS/MS. Meanwhile, the inactivated enzyme solution, which was placed in boiling water for 10 min, was regarded as the control group adopting the same procedure as above.
HPLC–ESI–MS/MS Conditions
The crude extracts of P. sinense were dissolved in methanol ahead of schedule. The two filtrates mentioned above were analyzed straight away employing the HPLC–ESI–MS/MS system with a TSQ Quantum Access MAX mass spectrometer (Thermo Fisher Scientific, San Jose, CA, United States), which is coupled to a Thermo Access 600 HPLC system. Chromatographic separations were performed on a Waters Symmetry RP-C18 column (4.6 mm × 250 mm, 5 µm) and connected with a guard column at 30°C. The mobile phase consisted of 0.1% FA-H2O (A) and ACN (B), and the optimized gradient chromatographic conditions were carried out as follows: 0 min, 5% (B); 40 min, 95% (B). The injection volume was adjusted to 10 μl, the flow rate was set as 0.8 ml/min, and the UV chromatograms were monitored at a wavelength of 292 nm.
Considering the ESI-MS/MS analysis, the triple quadrupole mass spectrometer electrospray ionization (ESI) was adopted to obtain various fragment ions in the positive ion mode. The optimized instrument conditions were implemented as follows: the spray voltage, vaporizer temperature and capillary temperature were 3,000 V, 350 and 250°C, respectively; the cone voltage, sheath gas pressure, and aux gas pressure were 40.0 V, 40, and 10 psi, respectively; the acquisition data of m/z ranging from 150 to 1,000 were gained in the full-scan mode; the collision energy varied from 30 to 45 eV for the MS/MS analysis in the data-dependent scanning mode. Eventually, all the above data available were acquired from the professional software of Thermo Xcalibur ChemStation (Thermo Fisher Scientific).
Anti-Proliferative Assay in vitro
Cell proliferation was determined by SRB assay according to the manufacturer’s instructions (Vichai and Kirtikara, 2006). Non-small lung cell cancer (A549) and colon cancer (HT-29) cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) replenished with 1% penicillin–streptomycin and 10% fetal bovine serum (FBS), and further incubated in 5% CO2 and 90% relative humidity at 37°C. In brief, these two cell lines were seeded into 96-well plates with a density of 1.0 × 104 per well and grown overnight. Next, the cells were treated with various concentrations of samples and incubated for 48 h. The medium with less than 0.1% DMSO was used as the blank control in this assay, and 5-FU as well as etoposide was regarded as the positive controls. The optical density (OD) value of each well was recorded at 540 nm with a multifunctional microplate reader (Tecan Infinite M200 PRO, TECAN, Männedorf, Switzerland). The inhibition rate was estimated and calculated, as shown in the formula:
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where ODC is the absorbance value of the blank control, and ODS is the absorbance value of the tested sample or positive control. The data were expressed as means ± standard deviation (SD) of three replicates.
COX-2 Inhibitory Assay in vitro
The COX-2 inhibitory assay was performed utilizing a COX-2 inhibitor screening kit to detect the in vitro anti-inflammatory activity of these screened compounds as previously described, with slight modifications (Fan et al., 2015). In brief, COX-2 probe (50 X), COX-2 cofactor (50 X), and COX-2 substrate (50 X) were placed in DMSO at 37°C for 2 min to promote melting, and all the above solutions were diluted 10 times with the COX-2 assay buffer. Next, Tris-HCl (150 μl, pH 7.90), COX-2 cofactor (10 μl), and COX-2 (10 μl) solutions were mixed in a 96-well blackboard. An aliquot of 10 μl sample solution with the tested concentrations of 0.625–20 μM was added into mixtures and incubated at 37°C for 10 min. Subsequently, 10 μl of COX-2 probe was added to each well, and the reaction mixture was initiated by adding 10 μl of COX-2 substrate quickly. Finally, fluorescence measurement was performed after incubation in the dark at 37°C for 5–20 min. The excitation wavelength of the reaction mixtures was set at 560 nm, and the emission wavelength was monitored at 590 nm. The calculation of inhibition rate using the formula was as follows:
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Here, RFU1, RFU2, and RFU3 represented the relative fluorescence unit of 100% enzyme activity control group, tested sample, and the blank control group, respectively. Meanwhile, indomethacin, a kind of non-steroidal anti-inflammatory drug (NSAID) (Lucas, 2016), was regarded as the positive control. COX-2 assay buffer without COX-2 and the tested sample were served as the blank control. Each sample solution was tested in three parallels, and the final experimental results were expressed in the form of means ± SD.
Molecular Docking Analysis
Molecular docking assay was applied to simulate and analyze the binding energy, binding site, and the mode of action between screened potential phytochemicals and Topo I, Topo II, COX-2 or ACE2 by employing the computational program AutoDock Vina 1.5.6 and Discovery Studio 4.5 Client (Towler et al., 2004). The analytical procedures were primarily comprised of the determination of the interaction sites between the receptor and the ligand, generation of the scoring system, and the calculation of docking results. Firstly, the 3D structure of Topo I (PDB ID: 1T8I), Topo II (PDB ID: 3QX3), COX-2 (PDB ID: 1CX2), and ACE2 (PDB ID: 1R42) was downloaded from the PDB databases (www.rcsb.org). The structure of the ligand was processed by ChemBioDraw Ultra 14.0, and the file was modified to PDB format. After that, the receptor and ligand were processed by hydrogenating, calculating the charge, and confirming the protonation state using AutodockTools software. The receptor and the ligand were converted to readable file format (pdbqt). Subsequently, AutoGrid processing was performed to set the box size (60 × 60 × 60), spacing (0.375), and the docking active site of Topo I (X: 21.474; Y: −2.226; Z: 27.863), Topo II (X: 33.026; Y: 95.765; Z: 51.567), COX-2 (X: 24.263; Y: 21.528; Z: 16.497), or ACE2 (X: 52.874; Y: 68.399; Z: 33.501). Finally, after setting the relevant parameters, AutoDock calculations on the genetic algorithm (run 50 times) were conducted for the structure of small molecule receptors in a flexible way. In addition, 5-FU and camptothecin were considered as the positive control against Topo I. MLN-4760 and chloroquine were regarded as the positive control against ACE2. Etoposide and indomethacin were deeded as the positive control against Topo II and COX-2, respectively.
Statistical Analysis
All the resulted values were expressed as means ± SD in triplicate, and the differences were regarded to be significant at p < 0.05 for all analyses. The half maximal inhibitory concentration (IC50) values were obtained by means of plotting the inhibitory rates against tested sample concentrations with a series of different concentration gradients. Statistical data analysis in the present study was performed by applying the GraphPad Prism 8 Software (GraphPad Software Corp., Sam Diego, CA, United States), the Origin 2019 Software (OriginLab Corp., Northampton, MA, United States), the ChemBioOffice 14.0 Software (CambridgeSoft Corp., Cambridge, MA, United States), and the SPSS 16.0 Software (SPSS Inc., Chicago, IL, United States).
RESULTS
Ultrafiltration Analysis of Topo I, Topo II, COX-2, and ACE2 Ligands in P. sinense
P. sinense has been utilized as a folk medicine for centuries in China. Numerous studies have shown that P. sinense possesses significant antiproliferative, anti-inflammatory, and antiviral activities (Castro et al., 2003; Yousefzadi et al., 2010). In order to further offer a new theoretical basis for the clinical use of the P. sinense, this study took advantage of the UF–LC/MS strategy with four drug targets (Topo I, Topo II, COX-2, and ACE2) to rapidly screen out and identify active constituents corresponding to its antiproliferative, anti-inflammatory, and antiviral activities as reported. After incubation with Topo I, Topo II, COX-2 or ACE2 for affinity ultrafiltration, the bound ligands in P. sinense were released and further characterized by HPLC–MS analysis. Figure 1 displayed that the HPLC chromatograms of the chemical components from P. sinense exhibited obvious differences after the interaction with Topo I, Topo II, COX-2, and ACE2, respectively.
[image: Figure 1]FIGURE 1 | HPLC chromatograms of the chemical constituents in P. sinense were obtained after ultrafiltration at 292 nm. The black solid line represents HPLC profiles of the crude extracts of P. sinense without ultrafiltration; the red line and blue line represent the total extract of P. sinense with activated and inactivated Topo I (A), Topo II (B), COX-2 (C), and ACE2 (D), respectively.
Based on the variations in the chromatographic peaks of the components from the crude extracts of P. sinense before and after incubated with Topo I, Topo II, COX-2, and ACE2, the enrichment factor (EF) values will be applied to evaluate the degree of affinities between the potential bioactive components from P. sinense and the target enzymes. The EF value was computed, as shown in the following formula:
[image: image]
Here, A1, A2, and A0 represent the peak area of each chromatographic peak from the crude extracts of P. sinense that is treated with activated, inactivated, and without Topo I, Topo II, COX-2, and ACE2, respectively (Chen et al., 2020). When employed to evaluate the affinity between the active constituents and the enzyme, the EF value implies the ability of diverse components to bind to the target enzyme. These components were further identified based on the MS/MS data in comparison with the spectra of corresponding standards or related references, and the results were revealed in Table 1. As expected, the EF values of each constituent listed in the table deviated from each other. It was observed that 7, 10, 6, and 7 chemical components in the HPLC chromatograms incubated with active Topo I, Topo II, COX-2, and ACE2 in P. sinense were provided with higher peak areas than that of the inactivated control group, respectively. The results indicated these constituents exerted specific binding towards Topo I, Topo II, COX-2, or ACE2, and thus were considered as primary potential ligands for Topo I, Topo II, COX-2, and ACE2, respectively. Notably, it is the first time to clearly describe the primary Topo I, Topo II, COX-2, and ACE2 ligands in P. sinense.
TABLE 1 | EFs and the UF–LC/MS data of the bioactive compounds bound to Topo I, Topo II, COX-2, and ACE2 from the crude extracts of P. sinense.
[image: Table 1]Structural Identification of Topo I, Topo II, COX-2, and ACE2 Ligands in P. sinense
The samples after affinity ultrafiltration screening were subsequently analyzed by HPLC–ESI–MS/MS to exploit the ligands corresponding to Topo I, Topo II, COX-2, and ACE2, respectively. The HPLC–ESI–MS/MS analysis was carried out in the positive ion mode. The retention time (Rt), quasi-molecular ([M+H]+), and the characteristic MS/MS fragments of each component were shown in Table 1. By comparing with the MS/MS fragments of the chemical composition reported in the literature, as well as the spectrum of the corresponding standards, 10 potential bioactive compounds screened from the crude extracts of P. sinense were identified in total, and their chemical structures were presented in Figure 2.
[image: Figure 2]FIGURE 2 | Chemical structures of bioactive compounds identified from P. sinense based on the MS/MS spectra or the corresponding standards. The peak numbers in this figure correspond to those listed in Table 1.
Peak 1 exhibited the [M+H]+ ion at m/z 465, and the aglycon ion [M+H-C6H10O5]+ was further generated at m/z 303 by losing a hexose moiety, which was speculated to be quercetin monoglycoside. By comparison with the ion fragments of the existing standards, thus the peak 1 was identified as quercetin 3-O-glucoside (isoquercitrin, calculated for C21H20O12, 464 Da). Peak 2 presented the [M+H]+ ion at m/z 449, and the aglycone fragment ions at m/z 287 indicated the loss of a hexose moiety [M+H-C6H10O5]+. Comparing the retention time and the MS/MS spectra with the ion fragments of the corresponding standards, peak 2 was determined to be kaempferol 3-O-glucoside (astragalin, calculated for C21H20O11, 448 Da). Peak 7 ([M+H]+ at m/z 287) was considered to be kaempferol (calculated for C15H10O6, 286 Da) by comparing its LC–MS/MS with the standard compound. Peak 8 showed the [M+H]+ ion at m/z 415 and further suffered a neutral loss of the water molecular moiety to produce the fragment ion of the [M+H-H2O]+ ion at m/z 397. Typically, the ions at m/z 313 and m/z 282 were accorded with the characteristic retro Diels–Alder (RDA) cleavage ([M+H-H2O-C4H4O2]+) and the neutral loss of the methomyl moiety ([M+H-H2O-C4H4O2-OCH3]+), respectively. In addition, the fragment ions of [M+H-C6H3(OCH3)3]+ at m/z 247 and [M+H-C6H3(OCH3)3-H2O]+ at m/z 229 were regarded as the successive neutral losses of the trimethoxyphenyl moiety and the water molecular moiety, respectively. Based on the comparison of the LC–MS/MS analysis to the corresponding standards, peak 8 was thus identified as podophyllotoxin (calculated for C22H22O8, 414 Da). Similarly, peak 3 ([M+H]+ at m/z 415) and peak 5 ([M+H]+ at m/z 397) generated the parallel characteristic fragment ions in contrast to peak 8 (Lautié et al., 2008). Hence, peak 3 was tentatively identified as the isomers of peak 8. As for peak 5, it was tentatively suggested as β-apopicropodophyllin (calculated for C22H20O7, 396 Da) when compared with those of the ESI–MS/MS spectra and the corresponding fragmentation pathways. For the sake of further elucidating the structures of those lignans, the ESI–MS/MS spectra and representative fragmentation pathways of Peak 8 were revealed in Figure 3. Tentatively, comparing their MS/MS spectra with the corresponding standards and the related literature reported previously, peaks 6 and 10 were deduced as diphyllin O-glucoside (cleistanthin B, calculated for C27H26O12, 542 Da) and diphyllin (calculated for C21H16O7, 380 Da) (Jullian-Pawlicki et al., 2015), respectively. Peaks 4 and 6 displayed the identical [M+H]+ ion at m/z 543 and the MS/MS spectra at m/z 381, 363, 351, 333, and 305, implying that they were structural isomers. Fragment ions at m/z 381, 363 and 333 were obtained by the losses of a hexose moiety, the methyl moiety and CO2 moiety, respectively. For Peak 9 ([M+H]+ at m/z 395), fragment ions of [M+H-CH3]+ at m/z 380 and [M+H-CO2]+ at m/z 351 were produced by the losses of the methyl moiety and CO2 moiety, respectively. Based on the comparison of the conceivable fragmentation pathways and the MS/MS spectra of the published literature, peak 9 was deduced as chinensinaphthol methyl ether (calculated for C22H18O7, 394 Da) (Qin et al., 2016).
[image: Figure 3]FIGURE 3 | ESI-MS/MS spectra and the proposed fragmentation pathways of Peak 8.
Anti-Proliferative and COX-2 Inhibitory Assays on Ligands Screened from P. sinense
In order to associate pharmacological effects with potential active phytochemicals, antiproliferative and COX-2 inhibitory assays in vitro were performed to assess and verify the inhibitory effects of several screened ligands on Topo and COX-2. Herein, 5-FU and etoposide were considered as the positive controls for antiproliferative assay in vitro. Indomethacin was used as the positive control for COX-2 inhibitory assays in vitro. For antiproliferative assay in vitro, Figure 4 showed the inhibitory effects of these selected components and two positive drugs on A549 and HT-29 cells. Among these compounds, diphyllin (Peak 10) and podophyllotoxin (Peak 8) exhibited higher inhibitory rates against A549 and HT-29 cells at a concentration of 100 μM in contrast to 5-FU and etoposide, thereinto, the IC50 values of diphyllin were computed at 6.46 ± 1.79 and 30.73 ± 0.56 μM on A549 and HT-29 cells, respectively. As for COX-2 inhibitory assays in vitro, Table 2 enumerated the IC50 values of the representative compounds screened from P. sinense. Diphyllin, as the representative potentially anti-inflammatory component with the highest EF value, displayed good inhibition with the IC50 value at 1.29 ± 0.14 μM, compared to indomethacin at 1.22 ± 0.08 μM. Furthermore, podophyllotoxin and diphyllin O-glucoside (Peak 6) with the lower EF values exhibited relatively low inhibition with the IC50 values at 10.49 ± 0.61 μM and greater than 20 μM in comparison to diphyllin and indomethacin, respectively. Consequently, it was worthwhile to screen out and identify these potentially active components from P. sinense.
[image: Figure 4]FIGURE 4 | Inhibitory effects of these selected components and two positive drugs on A549 and HT-29 cells.
TABLE 2 | The IC50 values of representative compounds screened from P. sinense against COX-2 in vitro.
[image: Table 2]Molecular Docking Analysis
Molecular docking is a crucial approach to predict and study the interactions between receptors and ligands. In order to further explore and comprehend the possible mechanism of action, molecular docking studies were carried out to simulate the interactions between Topo I, Topo II, COX-2, and ACE2 as well as several bioactive compounds screened from P. sinense. Table 3 displayed the molecular docking results of potential bioactive ligands screened from P. sinense and positive drugs against Topo I, Topo II, COX-2, and ACE2. Therein, the results of the 2D and 3D ligand-to-target interactions between ACE2 and diphyllin, diphyllin O-glucoside or chloroquine were shown in Figure 5.
TABLE 3 | The molecular docking results of potential bioactive ligands screened from P. sinense and positive drugs against Topo I, Topo II, COX-2 and ACE2.
[image: Table 3][image: Figure 5]FIGURE 5 | Interaction between ACE2 and diphyllin (A), diphyllin O-glucoside (B), or chloroquine (C) by molecular docking analysis.
As shown in Table 3, diphyllin exhibited higher affinity to Topo I with the binding energy (BE) of -6.72 kcal/mol, and the theoretical IC50 value of 11.95 μM, lower than the positive control 5-FU (−3.70 kcal/mol and 1.95 mM), and slightly higher than Topo I inhibitor camptothecin (−7.57 kcal/mol and 2.85 μM). Kaempferol 3-O-glucoside displayed lower affinity to Topo I, and the BE as well as its theoretical IC50 value, was computed as −3.59 kcal/mol and 2.35 mM, higher than 5-FU, camptothecin, and diphyllin. With regard to Topo II, podophyllotoxin showed a strong affinity, which its BE and the theoretical IC50 value were calculated as −9.45 kcal/mol and 117.98 nM, lower than Topo II inhibitor etoposide (−7.62 kcal/mol and 2.59 μM), and kaempferol 3-O-glucoside (−5.28 kcal/mol and 134.95 μM). As for COX-2, the data of docking simulation unveiled that diphyllin expressed a high binding affinity value of −9.95 kcal/mol, and the theoretical IC50 value was 51.12 nM, which was relatively lower than the positive control indomethacin (−9.18 kcal/mol and 186.44 nM). Furthermore, diphyllin O-glucoside manifested a relatively low affinity to COX-2 with the BE of -4.4 kcal/mol and the theoretical IC50 value of 568.94 μM, higher than diphyllin. With respect to ACE2, diphyllin was discovered with a high binding affinity of −7.07 kcal/mol and the theoretical IC50 value at 6.52 μM, whereas chloroquine (as the positive control) and MLN-4760 (as the ACE2 inhibitor) were 1.01 and 738.62 μM with the BE of −8.18 and −4.27 kcal/mol, respectively. Similarly, diphyllin O-glucoside exerted a relatively strong binding efficiency and indicated the BE of −6.59 kcal/mol with ACE2 from the docking process with the theoretical IC50 value at 14.87 μM, respectively. Most importantly, several bioactive ligands screened and identified with the larger EF values possessed lower binding energies and inhibitory effects compared with the same group by molecular docking analysis based on ultrafiltration screening and other in vitro bioactivity assays. For instance, diphyllin with large EF values exerted high affinities to Topo I and COX-2, possessing antiproliferative and anti-inflammatory effects confirmed by in vitro bioactivity assays and molecular docking analysis. Podophyllotoxin with a relatively large EF value displayed a good affinity to Topo II, which indicated this compound was provided with good antiproliferative activity. The molecular docking results were in full compliance with the ultrafiltration screening and in vitro bioactivity verification results, thus further validating the feasibility of the molecular docking method.
DISCUSSION
Screening for Topo I, Topo II, COX-2, and ACE2 Ligands in P. sinense
Generally, the conventional strategy for the characterization of bioactive components from the medicinal plant is to extract, separate, and identify its chemical constituents by employing traditional phytochemical methods, and then to conduct various biological activity tests combined with pharmacological models to screen each chemical compound obtained (Zhang et al., 2013; Wang et al., 2019). However, the entire operation process was very time-consuming and labor-intensive. In addition, due to the inherent chemical complexity of herbal medicine and its diversified action targets of natural medicines corresponding to a wide range of medicinal uses for various disease indications, the traditional screening method cannot fully reflect the chemical basis of its medicinal effects (Wang et al., 2019).
As a consequence, in order to address the above limitations and challenges, biological activity-oriented research on the interactions between target enzymes and the small active molecules integrated with the UF–LC/MS approach may provide a good solution. A schematic diagram of the UF–LC/MS screening assay is illustrated in Figure 6. Compared with conventional phytochemical methods, such as thin-layer chromatography (TLC), repeated column chromatography, and low throughput screening tests with purified individual compounds, this strategy can not only rapidly screen out the potential active components against specific targets for certain diseases from crude mixtures without tedious separation process, but also contribute partly to the elaboration of the mechanisms of action for the traditional herbal medicine of interest at the cellular and molecular levels; thereby would offer new tactics for the better use or improving the therapeutic efficacy of diseases (Qin et al., 2015). In light of that, the UF–LC/MS approach was applied to rapidly screen and identify 7, 10, 6, and 7 potential active ligands against Topo I, Topo II, COX-2, and ACE2 from P. sinense, respectively.
[image: Figure 6]FIGURE 6 | Schematic diagram of UF–HPLC/MS assay to screen and identify the ligands against different drug targets.
According to the EF values of each component screened from the crude extracts of P. sinense, peaks 4, 6, 8, and 10 exhibited relatively higher affinity with Topo I or Topo II, and they were preliminarily inferred to be primary antiproliferative active compounds; in addition, peak 10 exerted stronger binding affinity with COX-2 compared with other peaks, and it was presumed to be the dominating anti-inflammatory active component; and there are several compounds, such as peaks 4, 6, 7, 8, and 10, revealing better binding affinities to the ACE2, which may be its prime antiviral active ingredients. On the one hand, peak 8 associated with Topo I and Topo II exhibited relatively good affinity, which was speculated that this composition may act on these three enzymes so as to exert potential antitumor effects. And the same components like peak 4 binding to Topo I, Topo II, COX-2, and ACE2 exerted relatively good affinity. Similarly, peak 10 presented good affinity to Topo I, COX-2, and ACE2. These results indicated that there existed in the alike bioactive components in P. sinense for the multipurpose pharmacological effects. On the other hand, the compounds with larger EF values were more strongly bound to the target enzyme, and more ingredients can be retained during their reactions with the drug targets. In the meantime, due to a large number of active components screened out, there existed synergistic effects among these compounds, jointly exerting multiple effects in clinical practice. Theoretically, the discrepant EF values may be ascribed to their competitively differential interactions with Topo I, Topo II, COX-2, and ACE2. In order to further explore the mechanisms of action underlying the multifunctional use of P. sinense in the multi-component and multi-target manner, the potential bioactive compounds screened out from P. sinense with multiple drug targets including Topo I, Topo II, COX-2 and ACE2 were then reconstructed as interaction network diagrams to better demonstrate the correlations between the diverse chemical components and their corresponding targets, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Constructed multi-component and multi-target network incorporating the potential bioactive components screened out with multiple drug targets. The line thicknesses roughly represent the binding or action intensity for their corresponding interactions.
In vitro Bioactive Validation of the Representative Bioactive Compounds
Considering the above screening results listed in Table 1, lignans accounted for the primary bioactive constituents, which was consistent with the results revealed by the previous phytochemical studies (Ma et al., 1993). Furthermore, lignans also exerted various and striking pharmacological activities, including antiproliferative, anti-inflammatory, antiviral and insecticidal effects (Yuan et al., 2011; Liu et al., 2015). Subsequently, further functional assays were carried out to validate their activities so as to better correlate the phytochemical components with pharmacological activities. For the underlying antiproliferative effects, diphyllin and podophyllotoxin with the higher specific binding to Topo I or Topo II in view of our screening experiments and the verification results reported in the literature, we preliminarily inferred that these compounds were considered as the potential Topo I or Topo II ligands and possessed remarkable anti-tumor activity. It was assumed that these components could exert cytotoxic activity on multifarious cancer cell lines by interfering with cell cycle progression, giving rise to DNA damage and inducing apoptosis. As shown in Figure 4, it could be observed that the inhibitory rates of these selected compounds were consistent with the results of ultrafiltration screening based on their EF values. Among these verified components, diphyllin and podophyllotoxin with larger EF values displayed good inhibitory effects on A549 and HT-29 cells compared with the positive controls of 5-FU and etoposide for antiproliferative assay in vitro. Compared with the positive control indomethacin, podophyllotoxin and diphyllin with higher EF values showed favorable inhibitory activities for COX-2 inhibitory assay in vitro. Thus, it could be seen that the above successful in vitro verification experiments of bioactive components screened from P. sinense comprehensively clarified the feasibility of the UF-LC/MS approach. Meanwhile, this technology can be employed efficiently to guide further research on the correlation between bioactive constituents and multi-pharmacological activities linked to multiple drug targets, which can provide new opportunities for discovering more therapeutic agents from natural products.
Molecular Docking Studies
Several component groups had been rapidly screened from the crude extract of P. sinense and preliminarily considered to possess potentially promising antiproliferative, anti-inflammatory, and antiviral effects as shown in Table 1. Therein, diphyllin displayed a high affinity to Topo I, COX-2, and ACE2 with large EF values of 4.41, 5.25, and 3.68, respectively. Diphyllin O-glucoside exhibited relatively low and moderate affinity to COX-2 and ACE2 with the EF values of 1.14 and 1.37 compared with the corresponding drug targets in the same group, respectively. Podophyllotoxin with a relatively large EF value of 1.17 exerted a good affinity to Topo II. Kaempferol 3-O-glucoside with the EF values of 0.37 and 0.18 indicated a relatively low affinity to Topo I and Topo II, respectively. The molecular docking simulation exhibited that these bioactive ligands screened were chiefly docked within the active sites of four drug targets of interest. Meanwhile, the docking analysis could further elaborate the interactions and the underlying mechanisms of action between these potentially bioactive compounds and multiple drug targets including Topo I, Topo II, COX-2, and ACE2.
The docking results verified that the chemical structures of the bioactive ligands significantly affected the interaction sites and binding affinities with Topo I, Topo II, COX-2, and ACE2. More importantly, the active sites and hydrogen bonds (H-bonds) played very crucial roles in the catalytic ability of Topo I, Topo II, COX-2, and ACE2. When several compounds and their respective positive controls were docked with Topo I, Topo II, COX-2, and ACE2, the BE and the theoretical IC50 values were ordered as camptothecin > diphyllin > 5-FU; podophyllotoxin > etoposide; diphyllin > indomethacin; chloroquine > diphyllin > diphyllin O-glucoside > MLN-4760; the amount of formed H-bonds was ranked as follows: diphyllin = camptothecin > 5-FU; podophyllotoxin > etoposide; diphyllin > indomethacin; and diphyllin O-glucoside > chloroquine = MLN-4760 > diphyllin. The results indicated that these compounds exerted good inhibitory activities against Topo I, Topo II, COX-2 and ACE2.
Among these compounds, diphyllin was lodged into the active pocket of the Topo I-DNA complex by forming H-bonds between the hydroxyl groups of B ring and the key amino acid residue Asp533. In the meantime, H-bonds with DNA residue Dc112 enhanced their interaction to DNA strands. Furthermore, the lactone ring 5-oxo of its C ring shaped H-bonds with the residues Arg364 and Da113. In addition, it could also be clearly found that this top active ligand was provided with a strong binding with COX-2. The lactone ring 5-oxo group of C ring of diphyllin interacted with the key residues of COX-2 including Arg120 and Tyr355 (Kurumbail et al., 1996). Moreover, it built one H-bond between the hydroxyl groups of B ring and the residue Ala527 to enhance the binding forces. It also formed one H-bond between the oxygen-containing groups of the methylenedioxybenzene ring and the residue His90. Additionally, the side chains of Val349 and Val523 amino acid residues displayed Pi-Alkyl and Pi-sigma forces to its B ring, while on the other side, some residues such as Ala516, Gly526, Tyr385 and so forth surrounded the compound through van der Waals’ forces. There were also some reports stating that diphyllin inhibited the activity of vacuolar-type H+-ATPase (V-ATPase) with the effective test concentration (EC) of 0.3 μM using cell-based assays targeting the viral entry previously (Prasansuklab et al., 2021). In the present study, diphyllin with a high binding affinity to ACE2 was shortlisted as prominent ligands by applying molecular docking analysis. It was observed that the lactone ring of diphyllin formed one H-bond with the amino acid residue Asp382. Meanwhile, the methoxybenzene groups of A ring of this compound also shaped one H-bond with the residue Asp350 on ACE2 to further enhance the affinity. The key amino acid residues His378 and His401 exhibited Pi-Pi T-shaped force to the phenyl-containing groups of the methylenedioxybenzene ring and the hydroxyl groups of B ring of this compound. Likewise, the lactone ring 5-oxo group of C ring of diphyllin O-glucoside formed H-bonds with the residue Ala348. Moreover, the residues Arg514 and Asn394 built H-bonds to the methoxybenzene groups of the A ring and the oxygen-containing groups of the methylenedioxybenzene ring of this compound, respectively. Furthermore, the hydroxyl group of the arabinosyl moiety of this compound formed three stable H-bonds with different types of amino acid residues His378, Glu375, Pro346 attached to ACE2. Additionally, the residues Glu402 and His401 shared Pi-Sigma and Pi-Lone Pair forces to the phenyl groups of A and D rings of this compound. The docking result was similar to chloroquine and MLN-4760 (as the positive controls) which formed several stable H-bonds such as His374, His378 or Glu375, indicating these H-bonds formed with residues on ACE2 played a pivotal role in the targeted binding process. With regard to Topo II, the trimethoxyphenyl group of E ring of podophyllotoxin shared H-bonds with the residue Gln778, serving as an H-donor to the ring. At the same time, podophyllotoxin intercalated into the DNA complex through H-bonds with the residues Da12 and Dt9. It was observed to form three conventional H-bonds with the residues Da12, Dt9, and Gln778, of which interacted with Topo II inhibitor etoposide as well. Moreover, there were related literature reports that podophyllotoxin could be applied as a cell division inhibitor possessing antitumor activity in the metaphase of cell division, which inhibited the polymerization of microtubules and mitosis of the nucleus, and thus was suspended in the metaphase (Liu et al., 2015). Furthermore, there existed other essential driven forces such as the Van der Waals force, hydrophobic and electrostatic effects between those potential active ingredients and Topo I, Topo II, COX-2, or ACE2 in the process of molecular docking simulation. Above all, the molecular docking analysis was consistent with the results of affinity ultrafiltration screening. Therefore, these components were promising to be developed as potential antiproliferative, anti-inflammatory, and antiviral lead candidates for the discovery of target-specific therapeutic drugs.
CONCLUSION
The therapeutic effects of medicinal plants are mainly on account of the integral complex chemical properties of multiple secondary metabolites, which could interact on multiple drug targets or synergistically interact with various biochemical pathways to conduct its holistic curative effects. This study aimed to comprehensively explore the underlying pharmacological mechanisms of action for P. sinense in a multi-target and multi-component way using Topo I, Topo II, COX-2, and ACE2 as potential target enzymes. Besides, combined these drug targets with the UF–LC/MS screening strategy, we were able to quickly screen out multi-functional components responsible for the antiproliferative, anti-inflammatory, and antiviral activities from the crude extracts of P. sinense for the first time. In total, 7, 10, 6, and 7 components were fished out as the potential Topo I, Topo II, COX-2, and ACE2 ligands, respectively. It is obviously that these components could act synergistically on the corresponding drug targets in a multi-component manner to take their effects. On the other side, among these active components, the individual compound that bound well to diverse target enzymes, such as Topo I and Topo II, had been detected as the single bioactive ingredient in P. sinense to simultaneously exert its intricate action mechanisms in a multi-target way. The activity verification of representative components, such as diphyllin and podophyllotoxin, further confirmed the feasibility of our screening method, and their potential pharmacological effects with in vitro assays. Meanwhile, the molecular docking simulation further indicated and validated the inhibitory mechanisms between Topo I, Topo II, COX-2 or ACE2 and those representative constituents such as diphyllin, podophyllotoxin and diphyllin O-glucoside. To the best of our knowledge, this is the first report to systematically investigate the antiproliferative, anti-inflammatory and antiviral activities, their potentially responsible chemical components and mechanisms by employing bio-affinity ultrafiltration with the multiple drug targets combined with LC/MS. This work will not only facilitate and elucidate the correlations between potential bioactive components and their biological targets including the underlying mechanisms of action, but also lay a further solid foundation for discovering more novel and curative agents from P. sinense or other medicinal plants.
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Fibrosis is a worldwide public health problem, which typically results from chronic diseases and often leads to organ malfunction. Chronic inflammation has been suggested to be the major trigger for fibrogenesis, yet mechanisms by which inflammatory signals drive fibrogenesis have not been fully elucidated. Total C-21 steroidal glycosides (TCSG) from Baishouwu are the main active components of the root of Cynanchum auriculatum Royle ex Wight, which exert hepatoprotective and anti-inflammation properties. In this study, we established a mouse model with the coexistence of hepatic and renal fibrosis and aimed to investigate the effects of TCSG from Baishouwu on fibrosis and explored the potential mechanisms. The results of biochemical and pathological examinations showed that TCSG from Baishouwu improved liver and kidney function and alleviated hepatic and renal fibrosis by reducing collagen and extracellular matrix deposition in bile duct ligation and unilateral ureteral occlusion (BDL&UUO) mice. According to network pharmacology analysis, the mechanisms underlying the effects of TCSG from Baishouwu on hepatic and renal fibrosis were associated with inflammatory response pathways, including “Signaling by interleukins”, “MAP kinase activation”, “MyD88 cascade initiated on plasma membrane”, and “Interleukin-1 family signaling”. Regression analysis and western blot results revealed that IL-1β/MyD88 inflammation signaling played an essential role in the anti-fibrotic effects of TCSG from Baishouwu. Further data displayed that TCSG from Baishouwu affected inflammatory response and extracellular matrix deposition via suppressing the activation of p38 MAPK/JNK and NF-κB p65 signaling cascades both in the liver and kidney of BDL&UUO mice. Thus, our findings suggest TCSG from Baishouwu as a natural regimen against hepatic and renal fibrosis and provide direct evidence that IL-1β/MyD88 signaling crucially contributes to hepatic and renal fibrosis and modulates liver-kidney crosstalk by maintaining tight control over inflammatory responses.
Keywords: hepatic fibrosis, renal fibrosis, inflammation, total C-21 steroidal glycosides, IL-1β/MyD88 signaling
INTRODUCTION
Fibrosis is a pathological response characterized by abnormal hyperplasia and excessive deposition of extracellular matrix (ECM) during the process of repair after tissue damage, which has been considered to account for up to 45% of all deaths in the industrialized world (Distler and Györfi, 2019; Henderson et al., 2020). During the pathological process of a variety of chronic diseases, excessively accumulated ECM results in fibrogenesis and increases tissue hardness, which subsequently blocks the diffusion of oxygen and nutrients, further damaging the organs, particularly, hepatic and renal fibrosis are commonly detected in clinical practice (Weiskirchen et al., 2019; Zhao et al., 2020). Emerging studies demonstrate that hepatic and renal fibrosis share similar pathogenesis and pathological characteristics, showing a potential interaction in the pathogenesis, although they occur in different organs. Liver cirrhosis and non-alcoholic fatty liver disease are suggested as independent risk factors for the incidence of chronic kidney disease (Targher et al., 2011; Bernardi et al., 2015). Alternatively, increasing pieces of evidence establish that chronic kidney disease can lead to liver dysfunction, contribute to the development of non-alcoholic fatty liver disease, and associate metabolic disturbances (Musso et al., 2015; Marcuccilli and Chonchol, 2016). These findings drove a popular area of scientific interest in liver-kidney organ crosstalk during the last decade. However, the related pathogenetic mechanisms are not fully known that it is necessary to elucidate the complex and intertwined mechanisms linking hepatic and renal fibrosis and develop effective antifibrotic therapeutic strategies.
Many distinct factors have been revealed to participate in the progression of fibrotic diseases, among which chronic inflammation is thought to be the major contributing factor. It is now clear that persistent inflammation resulting in a chronic wound-healing response can facilitate an increase in the deposition of ECM and sustained tissue damage both in the liver and kidney, ultimately leading to fibrosis (Heymann and Tacke, 2016; Tecklenborg et al., 2018). Consequently, focusing on the cellular mechanisms involved in the stimulation of inflammation and identifying the key mediators have been considered as the targets to alleviate hepatic and renal fibrosis. Traditional Chinese medicine (TCM), widely used in Asian countries for thousands of years, possesses a dual role in immunological regulation, as well as anti-fibrotic actions in the liver and kidney (Ma et al., 2013; Zhang and Schuppan, 2014; Shen et al., 2018; Wang et al., 2020). The root of Cynanchum auriculatum Royle ex Wight is a famous TCM known as Baishouwu, which has been used as a tonic medicine or healthy food for centuries. Based on the theory of TCM, this herb exhibits medicinal properties, including nourishing the liver and kidney and enhancing immune function. Pharmacological studies reveal that Baishouwu shows remarkable hepatoprotective, anti-inflammatory, and antitumor bioactivities (Jang et al., 2016; Li et al., 2018; Chen et al., 2019). The total C-21 steroidal glycosides (TCSG) are commonly accepted as one of the most bioactive ingredients separated from Baishouwu (Chen et al., 2019). Previously, we reported that TCSG from Baishouwu protected the liver against the damage of oxidative toxicity and inflammatory reactions (Cui et al., 2019; Zhang et al., 2021). We also found that TCSG from Baishouwu inhibited the development of hepatocellular carcinoma by suppressing the hepatic inflammation-fibrosis axis induced by diethylnitrosamine (Ding et al., 2017; Ding et al., 2019). Moreover, our recent research demonstrated that TCSG from Baishouwu relieved renal fibrosis by regulating the process of renal tubular epithelial-mesenchymal transformation (Yin and Peng, 2020). However, it is not yet clear whether TCSG from Baishouwu can regulate hepatic and renal fibrosis, or the involved regulation procession and molecular mechanisms.
In the present study, we aimed to evaluate whether TCSG from Baishouwu had therapeutic effects on hepatic and renal fibrosis in the mouse model of bile duct ligation and unilateral ureteral occlusion (BDL&UUO) with a parallel focus on the role of inflammation in the liver-kidney axis. To further explore the underlying mechanism, system network pharmacology analysis was applied to predict the potential mechanism network and then validation experiments were carried out.
MATERIALS AND METHODS
Animals
Adult male C57BL/6 mice weighing 20–22 g were purchased from Shanghai Slack Laboratory Animal Co., Ltd (Shanghai, China). Animal experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (Publication No.85-23, revised 1996). The care, handling, and experimental procedures of animals were approved by the Ethics Committee of Jiangsu Integrated Traditional Chinese and Western Medicine Hospital (NO. AEWC-20180712-37). Mice were housed under a 12 h light/dark cycle at 22–25°C with 50–60% humidity and provided access to food and water ad libitum. All mice were subjected to a 1-week acclimatization period prior to the experimental protocol.
Animal Surgery and Experimental Design
Mice were randomly allocated into the sham group (n = 10) and model group (n = 45). The mouse model of hepatic and renal fibrosis was established by BDL and UUO surgical operation under sterile conditions according to previous research (Chevalier et al., 2009; Yokota et al., 2018). Briefly, experimental mice were anesthetized with isoflurane. The experimental area was disinfected with 75% alcohol. After the application of antiseptic on the skin, a 2–3 cm incision was made just below the xiphoid process. The common bile duct was identified, ligated, and two surgical knots were fixed. Then a second bile duct ligation was added in the same manner without division to avoid any interference caused by the loose end. Meanwhile, the ureter was identified, ligated, but not divided as described in the bile duct surgery. The sham group underwent a sham procedure, in which the bile duct and ureter were identified and exposed without ligation. 24 hours after surgery, animals subjected to the model group were randomly divided into three groups (n = 15 per group): the model group, the TCSG low-dose group (180 mg/kg/day, TCSG-L), and the TCSG high-dose group (360 mg/kg/day, TCSG-H), and received intragastric drug treatment every other day for 14 days. The extract of TCSG from Baishouwu was performed as described in our previous study (Ding et al., 2019). The sham group and model group were received the same volume of vehicles. At the end of the experiment, blood samples were collected from the retroorbital venous plexus. Then animals were sacrificed under isoflurane anesthesia, followed by liver and kidney samples collected for further analysis.
Serum and Urine Biochemistry
Blood samples were centrifuged (3,000 g, 10 min, 4°C) to prepare serum. Urine samples were diluted using ice-cooled normal saline and centrifuged (5,000 g, 5 min, 4°C) to prepare the clear supernatant. An automatic analyzer (C8000 Roche, Hoffmann-La Roche Inc, Switzerland) and commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were employed to analyze serum and urine biochemistry, including serum levels of alanine transaminase (ALT), aspartate transaminase (AST), total bilirubin (T-Bil), alkaline phosphatase (ALP), total cholesterol (T-CHO), albumin and globulin ratio (A/G), blood urea nitrogen (BUN), and creatinine (Cre), as well as the content of urine protein and urine Cre.
Histological Analysis
Liver and kidney tissues were fixed in paraformaldehyde solution followed by paraffin embedding. Tissue sections with 5 μm thickness were stained with hematoxylin and eosin (HE) to assess inflammation and necrosis. The Masson trichrome staining was used to evaluate liver and kidney fibrotic alterations. Immunohistochemistry was applied using paraffin sections incubated with primary antibodies: α-SMA (1:100, #19245, Cell Signaling Technology) and TGF-β1 (1:100, #92486, Abcam). Images were observed using a Leica microsystem (DMi8, Leica Microsystems, German, Weztlar). The percentage of the stained positive area was quantified by ImageJ software.
The Level of Tissue Hydroxyproline
Tissue hydroxyproline (Hyp) was assessed to investigate the level of collagen deposition, which is an index of liver and kidney fibrosis (García et al., 2002). The content of Hyp in tissues was determined using commercial kits (Nanjing Jiancheng Bioengineering Institute) according to the instructions. Generally, the tissue slices were digested in 1 ml hydrochloric acid (6 mol/l) for 5 h under 100°C. After cooling, a 10 μl indicator was added following the addition of solutions A and B for making the solution PH = 6. Then the mixture was centrifugated (3,500 g, 10 min) and the supernatant was incubated with the other test solutions at 60°C for 15 min. Centrifugation was performed (3,500 g, 10 min) and the absorbance of samples was measure at 550 nm using the microplate reader (NanoQuant, Switzerland).
Network Pharmacology
The network pharmacology technique was used to explore the underlying mechanisms of TCSG in the treatment of hepatic and renal fibrosis. There are 12 active ingredients identified in TCSG from Baishouwu according to the literature and our previous study by LC-Q/TOF-MS (Wang et al., 2017; Chen et al., 2019). The details of the twelve active ingredients were shown in Supplementary Figure S1. The targets of TCSG active ingredients were identified by searching the genes database of Swiss Target Prediction database (http://www.swisstargetprediction.ch/index.php) and Pubmed (https://pubmed.ncbi.nlm.nih.gov/). The proven targets for hepatic fibrosis and renal fibrosis were identified by searching DisGeNet database (https://www.disgenet.org/). There were 1,179 target genes related to hepatic fibrosis and 570 target genes associated with renal fibrosis which were consolidated in Excel. The potential therapeutic targets were collected from the interactions of target genes and the networks were constructed by using Cytoscape 3.8.0. The STRING database (https://www.string-db.org/) was used to obtain the interaction relationship between target genes.
Protein-Protein (PPI) Interaction Network
PPI networks were constructed to investigate the molecular mechanisms of TCSG intervening hepatic and renal fibrosis. TCSG-disease PPI networks were constructed by merging the TCSG network and the disease network. The Network Analyzer plug-in was used to calculate the networks node parameters and the module analysis was carried out by the MCODE plug-in to screen potential therapeutic targets.
Pathway and Functional Enrichment Analysis
The underlying pathways associated with TCSG against fibrosis of the liver and kidney were analyzed by the ClueGO plug-in. The gene ontology (GO) database (http://geneontology.org/) was applied for function enrichment analysis and the Reactome Pathway database (https://reactome.org/) was used for pathway enrichment analysis.
Quantitative Real-Time PCR
Total RNA of liver and kidney tissues was extracted with TRIzol (Thermo Fisher Scientific, Shanghai, China) according to the manufacture’s protocol. RNA was reversely transcribed into cDNA and quantitative real-time PCR (qRT-PCR) was performed on the detection systems (Bio-Rad, United States). Primer sequences used in the study were shown in Table 1. Samples were initially denaturized at 95°C for 15 min and processed under 40 consecutive thermal cycles (94°C, 15 s; 60°C, 30 s; 72°C, 30 s) followed by the final melting-curve cycle. The relative abundance was calculated by the ∆∆Ct method. The transcript levels of genes were normalized to GAPDH in the corresponding sample.
TABLE 1 | PCR primer sequences.
[image: Table 1]Western Blot Analysis
The total proteins from liver and kidney tissues were lysed by RIPA buffer (Beyotime Biotechnology, Shanghai, China) containing 1% PMSF. Protein concentrations were determined using a BCA protein assay kit (KeyGEN Biotech, Nanjing, China). The equal amount of lysates (30 μg) were separated by SDS-PAGE and then electrophoretically transferred to PVDF membranes (Millipore Billerica, MA, United States). Membranes were blocked with 5% skim milk in TBST at room temperature for 1 h and then incubated with primary antibodies, MyD88 (1:500, ab2064, Abcam), TRAF6 (1:2000, ab33915, Abcam), IKKα (1:1,000, ab32518, Abcam), p-IKKα (1:1,000, #2859, Cell Signaling Technology), NF-kB p65 (1:1,000, #8242, Cell Signaling Technology), p38 (1:1,000, #8690, Cell Signaling Technology), p-p38 (1:1,000, #4511, Cell Signaling Technology), JNK (1:1,000, #9252, Cell Signaling Technology), p-JNK (1:1,000, #4668, Cell Signaling Technology), Lamin B (1:1,000, ab133741, Abcam), and GAPDH (1:1,000, #2118, Cell Signaling Technology), overnight at 4°C. HRP-conjugated anti-rabbit/mouse IgG was then incubated with membranes for 1 h at room temperature. The blots were imaged using electrochemiluminescence with Tanon Automatic Chemiluminescence Image analysis system. The quantitative analysis was determined using Image J software.
Statistical Analysis
All data were expressed as mean ± SEM. GraphPad Prism 8 software was used for statistical analysis. Statistical significance was determined by using one-way analysis of variance (ANOVA) with Turkey’s post hoc test. The significant difference was considered at p < 0.05.
RESULTS
TCSG From Baishouwu Ameliorated Liver Damage in BDL&UUO Mice
To evaluate the effects of TCSG from Baishouwu on liver damage in the BDL&UUO mice model, the liver biochemical parameters were firstly detected. Results showed that the levels of serum ALT and AST were significantly higher indicating liver injury in the model mice (Figures 1B,C). Significant elevation in the serum levels of ALP suggested cholestasis in the model mice (Figure 1D). On the other hand, the changes in serum levels of liver function biomarkers were also evident. Serum T-CHO and T-Bil were increased and serum A/G was decreased (Figures 1E–G). It was worth noting that these changes of biochemical markers were improved after the administration of TCSG. Liver tissue histopathological changes were also assessed in the BDL&UUO mice model. Results of the liver index indicated significant hepatomegaly in the model mice (Figure 1H). The liver morphology showed apparent changes in the group of model mice, the surface of which contained many visible white particles (Figure 1I). Further, HE staining and Masson staining revealed the evident inflammation, tissue necrosis, and collagen deposition in the model group (Figure 1J). Nevertheless, treatment with TCSG positively affected the liver index of the model mice, and TCSG administration also improved the liver pathological changes. Together, these data indicated that TCSG from Baishouwu attenuated liver damage in the BDL&UUO mice model.
[image: Figure 1]FIGURE 1 | TCSG from Baishouwu ameliorated liver damage in BDL&UUO mice. (A) Schematic diagram of hepatic and renal fibrosis model with TCSG treatment. After BDL&UUO operation, mice were treated with TCSG for consecutive 14 days, followed by sacrifice and tissues collection. (B–G) The effects of TCSG on serum biochemical measurements of liver injury. (H) The effects of TCSG on the liver index. (G) The effects of TCSG on the morphologic changes of the liver. (J) The effects of TCSG on liver pathological changes detected by HE staining and liver collagen accumulation determined by Masson staining (scale bar 100 μm). Data are shown as means ± SEM (n = 10–12), ##p < 0.01, significantly different from sham group; *p < 0.05, **p < 0.01, significantly different from model group.
TCSG From Baishouwu Relieved Kidney Injury in BDL&UUO Mice
Next, the kidney biochemical parameters were investigated to assess the effects of TCSG from Baishouwu on kidney injury in the BDL&UUO mice model. As shown in Figure 2, serum BUN and Cre were significantly upregulated in the model group (Figures 2A,B). Urinalysis of biomarkers also revealed an increase in urine protein and Cre (Figures 2C,D). TCSG treatment, both at low and high doses, markedly decreased serum and urine biomarkers, suggesting the alleviated kidney injury in BDL&UUO mice. Moreover, organ weight indices exhibited an abnormal weight of the kidney in the model mice (Figure 2E), and kidney morphology showed partial renal tubular dilatation and vacuolar deformation in the model mice (Figure 2F). HE staining of the model mice presented interstitial inflammation, tubular atrophy, and necrosis meanwhile, Masson staining revealed the obvious collagen deposition (Figure 2G). It was found that not only the organ weight indices but also pathological changes of the kidney showed a corresponding improvement after treatment with TCSG in BDL&UUO mice. These findings suggested that TCSG from Baishouwu relieved kidney injury in the BDL&UUO mice model.
[image: Figure 2]FIGURE 2 | TCSG from Baishouwu relieved kidney injury in BDL&UUO mice. (A,B) The effects of TCSG on serum biochemical measurements of kidney injury. (C,D) The effects of TCSG on urine biochemical measurements of kidney injury. (E) The effects of TCSG on the kidney index. (F) The effects of TCSG on the morphologic changes of the kidney. (G) The effects of TCSG on kidney pathological changes detected by HE staining and kidney collagen accumulation determined by Masson staining (scale bar 50 μm). Data are shown as means ± SEM (n = 10–12), ##p < 0.01, significantly different from sham group; *p < 0.05, **p < 0.01, significantly different from model group.
TCSG From Baishouwu Inhibited Hepatic and Renal Fibrosis in BDL&UUO Mice
The visible collagen formation in the liver and kidney was associated with the progression of fibrosis, thus we further estimated the effects of TCSG on hepatic and renal fibrosis. The severity of fibrosis was determined biochemically by measuring Hyp content in the liver and kidney. Results showed the distinct upregulation of Hyp content in the liver and kidney of model mice, however, TCSG remarkably downregulated Hyp content (Figures 3A,B). The levels of fibrogenic markers in the liver and kidney, including Col 1a1 and Col 3a1, were significantly elevated in the model mice but decreased after treatment with TCSG (Figures 3C,D). Immunohistochemistry assays also validated that the expressions of TGF-β1 and α-SMA were increased in the liver and kidney of model mice, whereas TCSG treatment reduced the expression of these fibrogenic genes (Figures 3E,F). Accordingly, these data suggested that TCSG from Baishouwu exerted beneficial effects to inhibit the progression of hepatic fibrosis and renal fibrosis in BDL&UUO mice.
[image: Figure 3]FIGURE 3 | TCSG from Baishouwu inhibited hepatic and renal fibrosis in BDL&UUO mice. (A) Liver hydroxyproline concentration assays. (B) Kidney hydroxyproline concentration assays. (C,D) mRNA expressions of Col 1a1 and Col 3a1 in mice liver and kidney samples. (E) Immunohistochemistry and quantitative analysis of the levels of α-SMA and TGF-β1 in the liver. (F) Immunohistochemistry and quantitative analysis of the levels of α-SMA and TGF-β1 in the kidney. Data are shown as means ± SEM (n = 6), ##p < 0.01, significantly different from sham group; *p < 0.05, **p < 0.01, significantly different from model group.
Network Pharmacology Analyzed Potential Mechanisms for Antifibrotic Effects of TCSG From Baishouwu
To explore the molecular mechanism associated with the anti-fibrotic effects of TCSG from Baishouwu, the network pharmacology technique was applied, which provided directions to illustrate the related potential targets and the hub for signaling pathways. As for 12 bioactive components in TCSG from Baishouwu, 274 targets were retrieved from databases and counted to construct the composition-target network (Supplementary Table S1 and Supplementary Figure S2). Meanwhile, a total of 1,456 targets were identified from 1,179 hepatic fibrosis-related targets and 571 renal fibrosis-related targets (Supplementary Table S2). Among them, 294 targets were shared by hepatic and renal fibrosis, which accounted for 24.94% of the hepatic fibrosis-related targets and 51.49% of the renal fibrosis-related targets (Figure 4A). The compound-disease network was constructed and 35 common targets were identified as potential therapeutic targets for TCSG against hepatic and renal fibrosis (Figure 4B). Then the PPI networks of potential therapeutic targets were built in the STRING database, which was subsequently imported in Cytoscape3.8.0 for analysis. The MCODE plug-in was used to calculate the modules involved in special functions. Module 1 got the best score of 13.69 and consisted of 14 hub target genes (Figure 4C). Furthermore, candidate targets of the core PPI network were subjected to GO biological processes and pathway enrichment analysis in the Reactome database. The relevant biological processes of TCSG against fibrosis of the liver and kidney were shown in Figure 4D and the significantly enriched pathways showed that the core targets were strongly associated with “Signaling by interleukins”, “MAP kinase activation”, “MyD88 cascade initiated on plasma membrane”, and “Interleukin-1 family signaling” (Figure 4E). Combined with the enrichment analysis results and the annotation of the Reactome database, it can be seen that TCSG from Baishouwu may affect inflammatory cascade through IL-1β/MyD88 signaling (Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | Network pharmacology analyzed potential mechanisms for antifibrotic effects of TCSG from Baishouwu. (A) Unique and shared disease targets for hepatic fibrosis and renal fibrosis. (B) Common targets of TCSG in treating hepatic and renal fibrosis. (C) Construction of PPI network for TCSG therapeutic targets and the core genes analyzed by plug-in MCODE. (D) GO enrichment analysis of core targets for TCSG in treating hepatic and renal fibrosis. (E) Reactome pathways enrichment analysis of core targets for TCSG in treating hepatic and renal fibrosis.
TCSG From Baishouwu Ameliorated Hepatic and Renal Fibrosis by Suppressing IL-1β/MyD88 Inflammation Signaling
Although the signals driving fibrogenesis have not been fully elucidated, several lines of evidence suggest that IL-1 signals play a vital role in triggering fibrotic liver and kidney disease (Kamari et al., 2011; Lemos et al., 2018). According to the results of comprehensive informatics analysis, TCSG may exhibit the antifibrotic effect by affecting inflammatory cascade through IL-1β/MyD88 signaling. Thus, we validated the related mechanism in the BDL&UUO mice model. Results of qRT-PCR showed that the levels of α-SMA, TGF-β1, and IL-1β were significantly increased both in the liver and kidney of model mice, however, TCSG treatment reversed these changes (Figure 5A). Notably, regression analysis revealed that the levels of IL-1β were positively associated with the expression of α-SMA and TGF-β1 (Figures 5B,C), which suggested the possibility that TCSG-antifibrotic effects were tightly correlated with IL-1β signal transduction. Western bolt analysis displayed that the expression of MyD88 and TRAF6 was high, but was significantly reduced after treatment with TCSG in the liver and kidney of BDL&UUO mice (Figure 5D). To sum up, these data demonstrated that TCSG from Baishouwu could affect the IL-1β/MyD88 signaling in the BDL&UUO mice model, yet the downstream biological pathways needed further study.
[image: Figure 5]FIGURE 5 | TCSG from Baishouwu ameliorated hepatic and renal fibrosis by suppressing IL-1β/MyD88 inflammation signaling. (A) mRNA expressions of α-SMA, TGF-β1, and IL-1β in the liver and kidney. (B) Correlation of IL-1β levels with α-SMA and TGF-β1 levels in the liver and kidney. R = Spearman’s rank correlation coefficient. (C) Western blot and quantitative analysis of MyD88 and TRAF6 expression in the liver and kidney. Data are shown as means ± SEM (n = 3), ##p < 0.01, significantly different from sham group; *p < 0.05, **p < 0.01, significantly different from model group.
TCSG From Baishouwu Repressed p38 MAPK/JNK Signaling and Blocked the Nuclear Localization of NF-κB p65 in the Liver and Kidney
MAPK cascade and NF-κB family members act as essential components of the MyD88/TRIF6-dependent inflammation signal transduction pathway (Lim and Staudt, 2013; Liu and Ding, 2016). Results of enrichment analysis revealed that TCSG-related core targets were significantly enriched in MAP kinase (MAPK) activation and the hub target genes of TCSG against fibrosis contained MAPK14, one of the p38 MAPKs which plays an important role in response to inflammatory stimuli. Accordingly, we examined the effects of TCSG on p38 MAPK activation. As shown in Figure 6A, the levels of p-p38 MAPK and p-JNK were remarkably up-regulated in the liver of model mice compared to the control, whereas TCSG treatment alleviated these changes. Similarly, the levels of p-p38 MAPK and p-JNK were increased in the kidney of model mice but decreased after TCSG administration (Figure 6B). Furthermore, western blot results showed that TCSG treatment reduced the levels of p-IκB in the liver and kidney, the phosphorylation of which could subsequently liberate the active NF-κB, and the elevated levels of nuclear NF-κB p65 were also reversed by TCSG administration (Figures 7A,B). Together, these data demonstrated that p38 MAPK/JNK and NF-κB p65 signaling participated in antifibrotic effects of TCSG from Baishouwu in the BDL&UUO mice model.
[image: Figure 6]FIGURE 6 | TCSG from Baishouwu repressed p38 MAPK/JNK signaling in the liver and kidney. (A) Western blot and quantitative analysis of p38 MAPK and p-JNK expression in the liver. (B) Western blot and quantitative analysis of p38 MAPK and p-JNK expression in the kidney. Data are shown as means ± SEM (n = 3), #p < 0.05, ##p < 0.01, significantly different from sham group; **p < 0.01, significantly different from model group.
[image: Figure 7]FIGURE 7 | TCSG from Baishouwu blocked the nuclear localization of NF-κB p65 in the liver and kidney. (A) Western blot and quantitative analysis of p-IκBα and nucleus NF-κB p65 expression in the liver. (B) Western blot and quantitative analysis of p-IκBα and nucleus NF-κB p65 expression in the kidney. Data are shown as means ± SEM (n = 3), ##p < 0.01, significantly different from sham group; **p < 0.01, significantly different from model group.
DISCUSSION
In the current study, a mouse model of hepatic and renal fibrosis was employed to evaluate the protective effects of TCSG from Baishouwu on liver and kidney injury and to explore the correlation between hepatic and renal fibrosis. We found that TCSG from Baishouwu alleviated the dysfunction of the liver and kidney and reduced the degree of fibrosis both in the liver and kidney by inhibiting the generation of collagen in BDL&UUO mice. Network pharmacology analysis showed that inflammation response was a major contributing factor to the anti-fibrotic effects of TCSG from Baishouwu on the liver and kidney. Further studies demonstrated that TCSG from Baishouwu suppressed the development of hepatic and renal fibrosis through inhibiting MyD88 signal transduction activated by IL-1β and subsequent p38 MAPK and NF-κB p65 downstream signaling. Taken together, these findings suggest a potential correlation between hepatic and renal fibrosis and provide a new therapeutic approach to treat hepatic and renal fibrosis.
Emerging evidence reveals the crosstalk between organs which can affect their function. According to the clinical data, hepatic failure often leads to renal failure, and respectively, kidney dysfunction can result in dysregulated lipid metabolism and dyslipidemia (Wadei, 2012; Agrawal et al., 2018). As more studies demonstrate the strong correlation between chronic liver disease and kidney disease recently, there is an increased interest in understanding the liver-kidney axis (Raj et al., 2020; Heda et al., 2021). The previous study had developed a rodent model of BDL followed by lipopolysaccharide (LPS) injection to generate acute kidney injury and determine the pathophysiology of renal failure in cirrhosis, however, the development of renal fibrosis was not observed in the BDL&LPS model (Shah et al., 2012). We used to establish a model of hepatic and renal fibrosis by thioacetamide and UUO in SD rats, nevertheless, the low survival rate of the model group brought worry about the experimental animal amount (Zhuang et al., 2021). In the present study, we optimized the selection the coexistence of the hepatic and renal fibrosis model and explored the effects of medicine on the prevention and treatment of the disease. For the classical hepatic fibrosis model and renal interstitial fibrosis model, the combination of BDL and UUO can quickly establish a rodent model with the coexistence of hepatic and renal fibrosis. Our results showed that there was significant dysfunction of the liver and kidney in BDL&UUO mice, as well as well-characterized fibrosis both in the liver and kidney, which suggested that the BDL&UUO model could be employed to investigate the relationship between hepatic fibrosis and renal fibrosis.
Baishouwu is a traditional tonic that can boost the liver and kidney, enrich vital essence and blood, strengthen the bones and muscles, and benefit life essence based on the theory of TCM (Chen et al., 2019). According to the phytochemical studies, acetophenones and C-21 steroidal glycosides are the major bioactive constituents of Baishouwu. Moreover, it has been considered that the medicinal value of C-21 steroidal glycosides is more prominent. Pharmacological research reported that TCSG from Baishouwu could be used to treat chronic hepatitis and hepatic fibrosis and our previous study demonstrated that TCSG from Baishouwu had therapeutic effects on liver cancer and hepatic inflammation (Peng et al., 2008; Ding et al., 2019). In this study, we found that TCSG from Baishouwu remarkably improved the function of the liver and kidney and alleviated the degree of hepatic and renal fibrosis in BDL&UUO mice. Our data not only provided a potential therapeutic approach for hepatic and renal fibrosis therapy but also verified TCM theory “boost liver and kidney”. Furthermore, network pharmacological analysis was applied to assess the related biological system networks. Our previous research has determined the 12 bioactive components in TCSG from Baishouwu and the associated targets were obtained from the database. Finally, 35 corresponding targets were found to be therapeutic targets against hepatic and renal fibrosis, among which the most critical targets were IL-1β, MAPK14, PTGS2, mTOR, MAPK8, MMP13, MMP1, MMP9, MAPK1, STAT3, TNF, EGFR, VEGFA, and MMP2. The core targets were further subjected to function and pathway enrichment analysis, the result of which showed that TCSG might regulate inflammatory response through the cascade of events by Interleukins signaling, MAP kinase activation, MyD88 cascade initiated on plasma membrane, and Interleukin-1 family signaling pathways. In conclusion, these data provided the direction of underlying mechanisms for TCSG from Baishouwu against hepatic and renal fibrosis.
Chronic systemic inflammation is thought to have a pivotal role in the pathogenesis of hepatic fibrosis and renal fibrosis. It has become increasingly evident that excessive release of pro-inflammatory cytokines contributes to promoting the progression of fibrosis. In hepatic fibrosis, pro-inflammatory cytokines, including IL-1, IL-6, and TNF-α, generated by Kupffer, hepatocytes, and infiltrating inflammatory cells promote liver damage (Poniachik et al., 2006; Rock et al., 2010; Stienstra et al., 2010). Similarly, during kidney injury, pro-inflammatory cytokines trigger cell stress and drive secondary inflammatory mediators in the renal epithelium and interstitial stroma contributing to the renal fibrogenic process (Anders, 2014; Cao et al., 2015). More specifically, mounting evidence indicates that IL-1β can accelerate TGF-β1 expression and collagen production in the absence of Smad signaling (Cáceres et al., 2019), the reason of which lies in the fact that IL-1β exerts its effects by binding to IL-1 receptor and signal transduction adaptor MyD88, regulating fibrosis both in the liver and kidney (Kamari et al., 2011; Lemos et al., 2018). Our data showed the expression of α-SMA and TGF-β1 were positively correlated with the levels of IL-1β, indicating that the anti-fibrotic effects of TCSG from Baishouwu were closely related to IL-1β inflammatory response. Combined with the results of network pharmacological analysis, we further detected the MyD88 signaling and found that the current model of fibrogenesis activated MyD88/TRAF6 signal transduction in the liver and kidney, whereas TCSG from Baishouwu reversed the activation. This observation was consistent with previous studies pointing out that the IL-1β/MyD88-dependent mechanism could amplify inflammation and exacerbate fibrosis in the response to tissue injury (Gasse et al., 2007; Leaf et al., 2017). Our findings added further information in the understanding of inflammatory response in tissue injury and implicated the IL-1β/MyD88 signaling in the liver-kidney axis in the fibrogenic process.
The p38 MAPK and JNK signaling is an important intracellular signaling pathway associated with the production of profibrotic mediators. Inhibition of the activation of p38 MAPK or JNK can protect against inflammation and fibrosis (Sugiyama et al., 2012). Our study represented that TCSG from Baishouwu inhibited the phosphorylation of p38 MAPK and JNK induced by BDL&UUO surgery in the liver and kidney, indicating that p38 MAPK/JNK signaling was a downstream effector signal of inflammatory response affected by TCSG from Baishouwu. In addition, we have observed that TCSG from Baishouwu has affected the activation of NF-κB p65, which is a key transcriptional regulator of inflammatory signals and appears to regulate fibrosis via multiple mechanisms, including direct fibrogenic responses and antiapoptotic effects (Luedde and Schwabe, 2011). In the canonical pathway, IκBα is the most prominent inhibitor of NF-κB p65 activity, the phosphorylation of which can subsequently be degraded and liberates NF-κB p65 for nuclear entry. The current study demonstrated that inhibition of the activation of p38 MAPK/JNK and NF-κB p65 signaling cascade exerted protective effects against hepatic and renal fibrosis, nevertheless, previous research had pointed out that NF-κB p65 could collaborate with p38 MAPK and resist hepatocyte apoptosis induced by TNF or LPS (Heinrichsdorff et al., 2008). These contradictory conclusions show an interesting finding that NF-κB mediates both pro-inflammatory and anti-apoptotic responses among different models of liver injury, and a very weak or a very strong NF-κB activation may cause negative effects on the liver. Complete blockage of TNF-induced NF-κB activation in conditional deletion animals resulted in massive hepatocyte apoptosis after LPS injection (Luedde et al., 2007; Inokuchi et al., 2010), while inhibition of NF-κB in Kupffer cells or hepatic stellate cells led to a decrease in the severity of liver fibrosis both in chronically injured animals and patients with hepatitis C virus (Son et al., 2007; Oakley et al., 2009). It is noted that excessive stimulation of IL-1β promoted NF-κB activation to exceed its threshold and thereby accentuated hepatic inflammation and fibrosis in the BDL&UUO mice model. Accordingly, NF-κB p65 signaling was also a downstream effector of TCSG against fibrosis.
Although the current data suggested the role of IL-1β/MyD88 inflammation signaling in the liver-kidney axis to a certain extent, there are still some limitations to be further solved. Whether the pathological changes in the model of BDL&UUO were the direct toxicity of organs at the same time or the injury based on the interaction of liver and kidney function was unclear. As a result, it needs to systematically explore the changes in the model of BDL&UUO using omics technology in future research. Moreover, the establishment of co-culture of hepatic stellate cells and renal tubular epithelial cells to examine the relationship of liver and kidney under the influence of inflammatory factors can also contribute to enhancing the understanding of the crosstalk between the liver and kidney.
CONCLUSION
Our results demonstrate strong evidence for the anti-inflammatory effect of TCSG from Baishouwu on hepatic and renal fibrosis in the BDL&UUO mice model. The present study highlights the importance of the IL-1β/MyD88-induced inflammation signaling in the development of hepatic and renal fibrosis (Figure 8). The insights obtained from this study have important implications for the development of novel therapies for hepatic and renal fibrosis.
[image: Figure 8]FIGURE 8 | The schematic diagram of the potential mechanism of TCSG from Baishouwu against hepatic and renal fibrosis.
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Dysmenorrhea refers to a kind of uterine cramping pain that occurs in women during the period of menstrual. Guizhi Fuling Capsules are mainly used for the treatment of various pain syndromes and especially effective in treating primary dysmenorrhea. However, the research on its modern pharmacology and mechanism of action have not been thoroughly carried out. It is not clear about the main active ingredients, potential targets and metabolic pathways involved in its efficacy. Therefore, this research project employed estradiol benzoate sensitization combined with oxytocin pain to construct the cold coagulation syndrome dysmenorrhea model, observed the anti-dysmenorrhea effect of Guizhi Fuling Capsules, and used the metabolomics to explore its mechanism. The results showed that Guizhi Fuling Capsules could considerably reduce the number of writhing times in dysmenorrhea rats, increasing the level of PGE2 and β-EP and reducing the contents of PGF2α in rat serum. Pathological sections of uterus and ovaries also showed that Guizhi Fuling Capsules could significantly relieve endometrial hyperplasia and improve ovarian function. The LC/MS-based metabolomics of rat uterine indicated that the model group has a great deviation from the control group. Compared with the model group, the Guizhi Fuling Capsules group had a tendency to shift to the control group, and the main metabolic changes was mainly concentrated on saturated and unsaturated fatty acids. Among them, arachidonic acid is in a pivotal position, and the expression of its rate-limiting enzyme (COX-2) involved in its cyclooxygenase metabolic pathway was significantly up-regulated in the model group, but significantly decreased after the intervention of Guizhi Fuling Capsules. In conclusion, Guizhi Fuling Capsules can effectively relieve primary dysmenorrhea, and this effect may be attributed to the regulation effects of Guizhi Fuling Capsules on endogenous metabolism, such as inhibiting arachidonic acid converted to prostaglandins through downregulate the expression of COX-2, which plays an anti-inflammatory effect.
Keywords: cold coagulation dysmenorrhea, guizhi fuling capsules, metabolomics, traditional Chinese medicine, arachidonic acid
INTRODUCTION
Dysmenorrhea refers to a kind of uterine cramping pain that occurs in women before or after the menstrual period (Shirvani et al., 2015). In recent years, with the increasement of social pressure, the incidence rate of dysmenorrhea is gradually growing. According to epidemiological statistics, about 50% of women suffered from dysmenorrhea, 10% of which had endured more severe menstrual cramps. This kind of pain not only affects individual’s quality of life, but also lower the level of happiness (Lefebvre et al., 2005). The treatment of dysmenorrhea in western medicine is mainly the application of non-steroidal anti-inflammatory drugs, which could merely provide temporary pain relief instead of fundamental treatment and additionally cause drug resistance, gastrointestinal adverse as well as liver and kidney damage. On the contrast, traditional Chinese medication focus on curing dysmenorrhea itself, where patients are diagnosed and treated based on the overall analysis of the disease and physical condition (Xiu-Hong et al., 2015).
Generally, dysmenorrhea could be categorized as primary dysmenorrhea and secondary dysmenorrhea, in which the primary one accounts for more than 90% (Meirong et al., 2020). Caused by excessive pathological uterine contraction, primary dysmenorrhea mainly occurs in women during their teenage years without any organic pelvic lesions, which pathogenesis is not clear. Syndrome of cold coagulation and blood stasis is one of the most common clinical classification of it. There are a variety of methods to establish the cold coagulation syndrome dysmenorrhea model: whole body freezing method (Shujing et al., 2018; Shujing et al., 2020), local frostbite method (Wang and Feng, 2000), wind cold environment method (Tang et al., 2000), ice water immersion method (Cheng et al., 2005), ice water immersion joint drug method (Yan et al., 2014; Xihong et al., 2017; Meng, 2018) and surgery plus drug method (Lu et al., 2010). However, the ice-water immersion method uses short-term overstimulation to build the model, and the local frostbite method ignores the overall concept, which both cannot fit well with the disease. Therefore, the cold coagulation dysmenorrhea model used in this experiment is established on the basis of the traditional dysmenorrhea model using the method of whole body freezing. This model comes from the dysmenorrhea animal model preparation specifications issued by the Chinese Society of Traditional Chinese Medicine and the Professional Committee of Experimental Pharmacology of Traditional Chinese Medicine in 2018 (medicine and Medicine., 2018). It conforms to the modeling ideas and characteristics of the TCM syndrome model and has been adopted by a large number of researchers.
Guizhi Fuling Capsules evolved from Guizhi Fuling Pills in “The Synopsis of the Golden Chamber” by Zhang Zhongjing in the Eastern Han Dynasty (Yunxi et al., 2016). It is mainly composed of Chinese medicinal materials such as Guizhi, Poria, White Peony, Peony Bark, and Peach Kernel. Jiangsu Kangyuan Pharmaceutical Co., Ltd. (Nanjing, Jiangsu, China) has continuously improves the production process of Guizhi Fuling Capsules, and now its production of Guizhi Fuling Capsules has successfully overcomes the unstable characteristics of traditional Chinese medicine preparations (Qingli et al., 2019). Guizhi Fuling Capsules have a variety of pharmacological effects such as anti-inflammatory, analgesic, anti-tumor, smooth muscle regulation, endocrine regulation and immunity enhancement. It is mainly used for gynecological indications, such as the treatment of dysmenorrhea, uterine fibroids, dysfunctional uterine bleeding, menorrhagia, amenorrhea, endometriosis, and some symptoms related to ovarian cysts (Yan et al., 2014). Meanwhile, studies have shown that the extract of Guizhi Fuling Capsules can inhibit the activity of protein tyrosine kinases and exert anti-tumor effects (Lianhua et al., 2012). Guizhi Fuling Capsules has definite curative effect, less side effects and adverse reactions, and is the preferred drug for the treatment of gynecological related diseases. However, the main active ingredients of Guizhi Fuling Capsules for anti-dysmenorrhea, the metabolic pathways involved and the target of the drug effect are not clear. Due to the complexity of the traditional Chinese medicine compound, it has not carried out in-depth modern pharmacology and the mechanism of action.
The objects of metabolomics research are small molecular compounds in biological samples, systems, tissues or cells in the body. Metabolomics is an emerging discipline that uses modern analytical methods such as chromatography and mass spectrometry to determine qualitative/quantitative information of endogenous compounds. The changes from these endogenous substances can reflect the interaction between the inside and outside of the organ or system, which is to reflect the physiological changes in a certain pathological process as a whole. In recent years, with the advancement of analytical methods such as HPLC and GC-MS, metabolomics research has developed rapidly, especially in the interpretation of traditional Chinese medicine prescriptions, pharmacological effects of traditional Chinese medicine and pharmacological effects of active ingredients in natural medicine. Metabolomics is also an important method on the road of Chinese medicine going abroad and being recognized and accepted by the world. Metabolomics can reflect the changes of small molecule metabolites in the body at an overall level. Therefore, this research will explore the possible mechanism of Guizhi Fuling Capsules’s anti-dysmenorrhea effect by using metabolomics technology.
METHODS
Materials and Reagents
Estradiol benzoate was purchased from Aladdin. Oxytocin injection and soybean oil was purchased from Maclean. Guizhi Fuling Capsules are provided by Kangyuan Pharmaceutical. 5-13C-glutamine (Cambridge Isotope Laboratories, Andover, MA, United States); PGF2α kit, PGE2 kit and β-EP kit were purchased from Nanjing Jiancheng Bioengineering Research Institute.
Experimental Animals
Three-months-old female SD rats (SPF grade) were purchased from Shanghai SIPPR-BK Laboratory Animal Co., Ltd. (Shanghai, China). The rats were fed with standard food with 12/12 h light/dark cycle and drink freely. Animal experiments were approved by the Ethics Committee of China Pharmaceutical University. We did our best to reduce animal suffering and reduce the number of animals used.
SD rats were divided into control group, model group, Guizhi Fuling administration group, six in each group. Except for the blank group, in the 10-day modeling cycle, the others were injected subcutaneously with estradiol benzoate at a dose of 2.5 mg/kg on the first and last days and at a dose of 1 mg/kg from day 2 to day 9. After disassembling the capsule shell of the Guizhi Fuling Capsule, grind the content and suspend it with 0.5% CMC-Na to prepare a suspension with a concentration of 1 g/kg, which is equivalent to 10 times the human dosage. Guizhi Fuling Capsules were administered orally for 10 days, and the time of each administration was half an hour after the injection of estradiol benzoate. After the administration, the rats were placed in an ultra-low temperature refrigerator (−20°C) for 2 h, and it was opened for ventilation for 5 s at 1 h. On the 10th day, 1 h after subcutaneous injection of estradiol benzoate, oxytocin was injected intraperitoneally at a dose of 2 U/kg. Observe the number of twists in the next 30 min.
Sample Preparation
After successful modeling, the rats were bled from the femoral vein and sacrificed. Serum was collected for kit detection, while the uterine tissue was collected for related determinations. Accurately weigh and pulverize 30 mg of uterine tissue, add 900 μl of precipitant (15 μg/ml C13-glutamine in 80% methanol water) and two zirconium beads to prepare a homogenate. The mixture was centrifuged at 20,000 g at 4°C for 10 min. Transfer 200 μl of supernatant to a 1.5 ml EP tube, evaporate to dryness, reconstitute the residue with 100 μl of 80% methanol water, centrifuge at 18,000 rpm at 4°C for 5 min, transfer 80 μl of supernatant to a sample bottle. Then inject 10 μl for HPLC-QTOF/MS analysis.
HPLC-Q/TOF-MS-Based Metabolomics Assay
Chromatographic Conditions
Column: Waters XB ridge Amide 3.5 μm, 4.6 × 100 mm Column, column temperature: 40°C, water phase (A): 5 mM ammonium acetate ultrapure water, adjust pH to 9.0 (containing 5% acetonitrile) with ammonia, organic phase (B): Acetonitrile, flow rate: 0.4 ml/min, analysis time: 26.0 min, gradient elution: 0 ∼ 3.0 min (85% B), 3.0 ∼ 6.0 min (85 ∼ 30% B), 6.0 ∼ 15.0 min (30 ∼ 2% B), 15.0 ∼ 18.0 min (2% B), 18.0 ∼ 19.0 min (2 ∼ 85% B), 19.0 ∼ 26.0 min (85% B).
Mass Spectrometry Conditions
The HPLC system consisted of a LC-30A binary pump, a SIL-30AC autosampler and a CTO-30AC column oven (Shimadzu, Japan) coupled with a hybrid quadrupole time-of-fight tandem mass spectrometer (AB SCIEX Triple TOF 5600, Foster City, CA). Electrospray ionization (ESI) is used for MS detection in negative ion mode. The parameter settings are as follows: TOF MS scan, m/z: 50–1000Da; product ion scan, m/z 50–900 Da; Gas 1, 50 psi; Gas 2, 30 psi, CUR, 30 psi; TEM,500; ISVF, −4500 V; DP, −100 V; CE, −10 V; and CE in product ion scan (IDA), -35 V.
Data Acquisition and Data Analysis
The accurate mass was calibrated by the calibration delivery system (CDS), and automatic calibration was carried out every eight samples. Data exploration and peak area integration were performed with PeakView and MultiQuant 2.0 from AB SCIEX. All uterine tissue samples were mixed as quality control (QC) samples, and the QC samples were injected every ten samples to monitor the stability of the analysis. All detected compounds were identified by comparing the retention times and mass spectra (both the MS and MS/MS spectra) of the detected compound with a reference database established in our laboratory (Wang et al., 2018) and with other free online databases, such as MASSBANK (http://www.massbank.jp/index-e.html), METLIN (http://metlin.scripps.edu) and MS2T (http://prime.psc.riken.jp/lcms/ms2tview/ms2tview.htm). The raw data is the peak area of each compound, which is used to represent its content in the sample.
Statistical Analysis
The metabolites detected by metabolomics analysis were relatively quantitative and needed to be normalized by internal standard to weight the peak area. In order to compare the differences of each group, the data was analyzed using SIMCA-P13.0 bit software, which mainly included data pre-processing, data correction, PCA analysis, PLS-DA analysis and screening of differential compounds. Thus, further processing of spectra, analysis of metabolic pathway, analysis of physiological and biochemical significance can be taken. Principal component analysis (PCA) is an unsupervised method used to illustrate the overall distribution of all samples. Partial least squares discriminant analysis (PLS-DA) is a supervised method used to confirm the general separation of groups. Orthogonal partial least squares discriminant analysis (OPLS-DA) is an extension of PLS-DA and is used to distinguish two groups and identify different metabolites. In addition, MetaboAnalyst (http://www.metaboanalyst.ca) was used for metabolomic pathway analysis based on differential metabolites.
The results were expressed as mean ± S.D. All data were analyzed using Graph Pad Prism software (Graph Pad, United States). Statistical levels were calculated using one-way analysis of variance (ANOVA). A p-value of less than 0.05 was considered significantly different.
RESULTS
Evaluation of the Therapeutic Effect of Dysmenorrhea Model
Behavioral Indicators
The Behavioral indicators is an important criterion for clinical diagnosis and judgment of female dysmenorrhea, it is an important technical indicator for the success of the design and preparation of dysmenorrhea models. The manifestations of writhing mainly include indentation on both sides of the abdomen, abdominal wall sticking down, buttocks raised, twisted body or hind limb extension. Each time the rat exhibits the above-mentioned writhing performance, it is considered that there is a writhing and recorded. In this experiment, rats in each group had basically the same body weight before administration while after 10 days of modeling, all rats in the experimental group except the control one lost weight (Figures 1A,B). Compared with the control group, the weight of the rat’s uterus increased after the administration of estradiol benzoate. (Figure 1C). The rats in the blank control group did not show any writhing symptoms, while that in the model group showed strong symptoms. As shown in Figure 1D, compared with the model group, the writhing frequency of the medical intervention groups was significantly reduced.
[image: Figure 1]FIGURE 1 | (A) The weight of the rat on day 1 of the experiment (B) The weight of the rat on day 10 (C) the weight of the uterus on day 10 of the experiment (D) the number of writhings recorded on day 10 of the experiment. ([image: image]±s, n = 6, compared with Control group: *p < 0.05 **p < 0.01 ***p < 0.001 ****p < 0.0001; compared with Model group: #p < 0.05 ##p < 0.01 ###p < 0.001 ####p < 0.0001).
Biochemical Indicators
As shown in Figure 2, the level of PGE2 in the serum of rats in the model group was significantly reduced, while that in the model group was significantly increased after administration. However, the level of PGF2α showed an opposite trend to that of PGE2. The content of PGE2α in the serum of rats in the model group was abundant, and it was significantly reduced after administration. Therefore, the ratio of PGF2α/PGE2 in the model group increased significantly, and decreased significantly after administration. The trends of β-EP and PGE2 are basically the same. Compared with the control group, the β-EP content of the model group reduced significantly, while that of the Guizhi Fuling group increased significantly.
[image: Figure 2]FIGURE 2 | Serum biochemical indexes (A) PGE2 level (B) PGF2α level (C) PGF2α/PGE2 ratio (D) β-EP level ([image: image]±s, n = 6, compared with control group: *p < 0.05 **p < 0.01 ***p < 0.001 ****p < 0.0001; compared with model group: #p < 0.05 ##p < 0.01 ###p < 0.001 ####p < 0.0001).
Pathological Indicators
Figure 3 shows histopathological sections of the uterus. In the control group, endometrial epithelial cells are complete, the thickness of endometrium and myometrium is normal, and uterine cavity is smooth. However, in the model group, the uterine structure is out of order, uterine cavity is not smooth and the endometrial hyperplasia is obvious. The uterine cavity of the Guizhi Fuling group tends to be smooth. Figure 4 shows typical pathological sections of the rat ovary. For ovarian tissue, the follicles of the control group are arranged in an orderly manner. While in the model group, the number of atresia follicles increases, the arrangement of follicles is disordered, after the treatment of Guizhi Fuling, the symptoms above are relieved. As shown in Figure 4D, compared with the control group, the corpus luteum radius of the model group increased by about 1.5 times, and the corpus luteum radius decreased by about 1.2 times after administration of Guizhi Fuling.
[image: Figure 3]FIGURE 3 | Histopathological section of uterus(A) Control group (B) Model group (C) GZFL group.
[image: Figure 4]FIGURE 4 | Typical ovarian histopathology section, The black arrow represents the corpus luteum, the red arrow represents atretic follicles (A) Control group (B) Model control group (C) GZFL group (D) Rat corpus luteum radius ([image: image]±s, n = 6, compared with control group: *p < 0.05 **p < 0.01 ***p < 0.001 ****p < 0.0001; compared with model group: #p < 0.05 ##p < 0.01 ###p < 0.001 ####p < 0.0001).
Metabolomics Analysis
Analyze the uterine sample data by PLS-DA. By observing its distribution in the mathematical model space, it was found that the PLS-DA (Figure 5) score charts have better inter-group differences and intra-group aggregation. The uterine samples of the control group, model group and Guizhi Fuling group are distinguished significantly, and there is a big difference in metabolism of each group. The results of the substitution test showed that the model has good reliability (Supplementary Figure S1). Firstly, the difference compounds are initially screened out through the condition of VIP>1, and then the ones that meet the condition of p < 0.05 are screened out through the t test. The differential compounds were analyzed on MetaboAnalyst website. The results of metabolic pathways are shown in Figure 6. The metabolic pathways mainly focus on fatty acid production, arachidonic acid and taurine metabolism. Figure 7 is a comparison diagram of the content of compounds detected in the uterine tissue of the dysmenorrhea model group and the normal control group, the Guizhi Fuling Capsule administration group and the dysmenorrhea model group. It can be found that most of the differential compounds are significantly down-regulated in primary dysmenorrhea, but after Guizhi Fuling Capsule interferes with dysmenorrhea, most of the differential compounds are significantly up-regulated. Similarly, the heat map (Figure 8) also clearly show the obvious metabolic changes between the three investigated groups. Combined with Figure 9, it can be seen that the differential compounds in uterine tissue are mainly concentrated on some saturated and unsaturated fatty acids, and this change could be reversed after drug intervention.
[image: Figure 5]FIGURE 5 | PLS-DA score plot of uterine tissue samples from three test groups (Control, Model, GZFL) and quality control (QC).
[image: Figure 6]FIGURE 6 | Metabolic pathway analysis (A) Metabolic pathway analysis between Control and Model group (B) Metabolic pathway analysis between Model and GZFL group.
[image: Figure 7]FIGURE 7 | Relative abundance (RA) of the differential metabolites ([image: image]±s, n = 6, compared with blank control group: *p < 0.05 **p < 0.01 ***p < 0.001 ** **p < 0.0001; compared with the model group: #p < 0.05 ##p < 0.01 ###p < 0.001 ####p < 0.0001).
[image: Figure 8]FIGURE 8 | Volcano plots of compounds detected in uterine tissue for metabolomics analysis (A) Volcano plot for Model group versus Control group (B) Volcano plot for Guizhi Fuling Capsules administration group (GZFL) versus Model group. Take |FC| = 1.5 and p-value = 0.05 as the truncation standard. The black dots represent compounds with no significant difference, the red dots are compounds with a differential expression fold greater than 1.5 times, and the blue dots represent compounds with a significant difference but a fold change of less than 1.5 times.
[image: Figure 9]FIGURE 9 | Heatmap of hierarchical clustering analysis for three test groups of Control rats (group C), Model rats (group M) and Guizhi Fuling Capsules administration rats (group G), the abscissa represents different experimental groups, the ordinate represents the differential metabolites investigated, the color represents the relative content of the corresponding metabolite in the corresponding sample, red represents the higher content in the sample, and blue represents the lower content.
Regulation in COX-2 Expression
From metabolomics analysis results, Guizhi Fuling Capsule may exert anti-dysmenorrhea effects by affecting the metabolism of fatty acids in vivo, such as oleic acid, stearic acid, palmitic acid, and arachidonic acid. Among them, cyclooxygenase-2(COX-2) is a rate-limiting enzyme involved in the cyclooxygenase metabolism pathway of arachidonic acid, which can catalyze the conversion of arachidonic acid to prostaglandins (PGs) and induce inflammation. Our results have found that the expression of COX-2 both in liver and uterus happened to increase significantly (about a 4-fold increase) after dysmenorrhea modeling. However, after the intervention of Guizhi Fuling Capsules, its expression was significantly reduced (about 2 times lower) (Figure 10). Therefore, we speculate that Guizhi Fuling Capsule may inhibit the conversion of arachidonic acid to pGs by down-regulating the expression of COX-2, thereby inhibiting the occurrence and development of inflammation. .
[image: Figure 10]FIGURE 10 | COX-2 gene expression changes in rats (A) COX-2 expression in liver (B) COX-2 expression in uterine tissue ([image: image]±s, n = 6, compared with Control group: ***p < 0.001; compared with Model group: ##p < 0.01).
DISCUSSION
We choose female rats to establish primary dysmenorrhea model, because female rats have a short estrus cycle, leading them suitable to study the changes in the reproductive cycle (Marcondes et al., 2002). Then, dysmenorrhea itself is a physiological phenomenon that mostly occurs within a certain age group of human beings, especially primary dysmenorrhea, which is caused by non-pelvic organic diseases. Primary dysmenorrhea is mostly caused by mental factors, and most of them occur in menarche. The average age at which Eastern women experience menarche is 12–16 years old. The three-month-old rat is equivalent to a human being 12–14 years old. Therefore, we finally chose three-month-old female rats as our model animals.
The model of experimental dysmenorrhea could be established by using estradiol benzoate and oxytocin, in order to synchronize the uterine cycle and cause artificial estrus, animals were given estrogen for 10 consecutive days to increase uterine sensitivity. After artificial estrus, oxytocin was injected to the animals to induce contraction of uterine smooth muscle and cause pain, which was manifested as writhing response. Writhing response is the most direct expression of dysmenorrhea in rats, so it is the most widely used behavioral index for the overall evaluation of visceral pain response. Studies have shown that the occurrence of dysmenorrhea is mainly related to the abnormal synthesis and release of prostaglandins in the endometrium of the menstrual period. The increased ratio of PGF2α/PGE2 leads to enhanced spastic contraction of uterine smooth muscle and dysmenorrhea (Yoshino and Ellis, 1987). PGE2 is one of the most important endogenous substances for inhibiting the inflammatory response. It has the effects of dilating blood vessels, increasing blood flow to organs throughout the body, reducing peripheral resistance of blood vessels, immunosuppression and anti-inflammatory. In the pharmacodynamics experiment, PGF2α/PGE2 in the serum of the model group rats was significantly increased, and significantly decreased after administration. β-EP has a powerful endogenous analgesic effect. It is affected by sex hormones, and participates in the regulation of reproductive endocrine. In the rat pharmacodynamics experiment, β-EP and PGE2 showed the same trend. Compared with the control group, the concentration of β-EP in the serum of the model group was significantly reduced; compared with the model group, that of the Guizhi Fuling Capsules group was significantly higher. This is the same as the results of previous studies (Sun et al., 2014).
The uterine tissue samples of dysmenorrhea rats were analyzed by metabolomics. It was found that many fatty acids had significant changes in the dysmenorrhea model, but Guizhi Fuling Capsules can reverse this change to varying degrees after intervention. Among them, arachidonic acid metabolic pathway is in a pivotal position. Arachidonic acid has many metabolic pathways, one of which is to generate prostaglandin and thromboxane through cyclooxygenase metabolism (Wang et al., 2014). Prostaglandin endoperoxidase (PTGS), also known as cyclooxygenase (COX), is the key enzyme that regulates the release of prostaglandins, including two isoforms: structural cyclooxygenase-1 (COX-1) and inducible cyclooxygenase-2 (COX-2), in which COX-2 is an inducible form only existing in inflammation. After being stimulated by inflammatory mediators, endotoxin, hypoxia factor, epidermal growth factor (EGF), COX-2 gene is induced to be highly expressed, resulting in the increase of PGI2, PGE1, PGE2 content, which could participate in inflammatory reaction. This is considered as the main source of inflammatory prostaglandins (Mitchell and Kirkby, 2019). In dysmenorrhea model rats, the expression of COX-2 in liver and uterus of rats increased significantly, and the expression of mRNA in rats from Guizhi Fuling group decreased significantly compared with the model group (Figure 10). The results suggested that Guizhi Fuling Capsules could reduce the production of prostaglandin by regulating the expression of COX-2.
Moreover, docosahexaenoic acid (DHA) is a type of n-3 unsaturated fatty acid. Recent studies have shown that when metabolized by cyclooxygenase and lipoxygenase, DHA is transformed into powerful anti-inflammatory molecules, and DHA may produce anti-inflammatory effects by inhibiting the arachidonic acid cascade (Tokuyama and Nakamoto, 2011). Lactic acid is closely related to the metabolism and polarization of macrophages. Lactic acid is a regulator of macrophage metabolism and can prevent excessive inflammation. Studies have revealed a new connection between lactic acid and the control of uterine inflammation, and found that high levels of lactic acid act on uterine GPR81 and down-regulate pro-inflammatory genes (Zhou et al., 2021). Taurine is an endogenous anti-injury substance in humans. Studies have shown that taurine has a protective effect on nonylphenol-induced uterine pathological damage in mice (Ding et al., 2018).
In summary, we speculate that Guizhi Fuling Capsules may partially reduce the synthesis of arachidonic acid through the arachidonic acid metabolic pathway, and regulate the expression of COX-2 to reduce the production of downstream prostaglandins, thereby reducing the production of inflammatory mediators release to achieve the purpose of alleviating dysmenorrhea.
CONCLUSION
In a word, we have proved that Guizhi Fuling Capsules has a good effect on cold coagulation dysmenorrhea model rats, can significantly reduce the number of writhing, regulate the level of serum PGE2, PGF2α, β-EP, improve endometrial hyperplasia and ovarian function. The uterine tissue samples of dysmenorrhea rats were analyzed by metabolomics. It was found that Guizhi Fuling Capsules could reduce the interference of estradiol benzoate and oxytocin on the metabolism products of rats. Guizhi Fuling Capsules mainly played an anti-dysmenorrhea role by regulating the metabolism of arachidonic acid. More results suggest that Guizhi Fuling Capsules may inhibit the conversion of arachidonic acid into prostaglandins by down-regulating the expression of COX-2. Further experiments are needed to study the effect of Guizhi Fuling Capsules on other substances in arachidonic acid metabolism pathway.
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Toll like receptor (TLR)s have a central role in regulating innate immunity and their activation have been highlighted in the pathogenesis of rheumatoid arthritis (RA). EFL2, one of diterpenoids derived from Euphorbia seeds, is nearly unknown expect for its improving effect on acute lung injury. Our present study aimed to investigate EFL2’s pharmacokinetic features, its therapeutic effect on rheumatoid arthritis, and explored the potential anti-arthritic mechanisms. K/BxN serum transfer arthritis (STA) murine model was used to assess EFL2’s anti-arthritic effects. We also applied UPLC-MS method to measure the concentrations of EFL2 in plasma. The inhibitory effects of this compound on inflammatory cells infiltration and activation were determined by flow cytometry analysis and quantitative real-time polymerase chain reaction (qRT-PCR) in vivo, and immunochemistry staining and ELISA in murine macrophages and human PBMCs in vitro, respectively. The mechanism of EFL2 on TLRs mediated signaling pathway was evaluated by PCR array, Western blot, plasmid transfection and confocal observation. Intraperitoneal (i.p.) injection of EFL2, instead of oral administration, could effectively ameliorate arthritis severity of STA mice. The inflammatory cells migration and infiltration into ankles were also significantly blocked by EFL2, accompanied with dramatically reduction of chemokines mRNA expression and pro-inflammatory cytokines production. In vivo PCR microarray indicated that EFL2 exerted anti-arthritis bioactivity by suppressing TLR7 mediated signaling pathway. In vitro study confirmed the inhibitory effects of EFL2 on TLR7 or TLR3/7 synergistically induced inflammatory cytokines secretion in murine macrophages and human PBMCs. In terms of molecular mechanism, we further verified that EFL2 robustly downregulated TLR7 mediated IRAK4-IKKβ-IRF5 and NF-κB signaling pathways activation, and blocked IRF5 and p65 phosphorylation and translocation activity. Taken together, our data indicate EFL2’s therapeutic potential as a candidate for rheumatoid arthritis and other TLR7-dependent diseases.
Keywords: euphorbia factor L2, serum-induced arthritis, TLR7, IRF5, rheumatoid arthritis
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized with synovitis, cartilage erosion and joints damage (Orr et al., 2018). Although the precise etilogy of RA is still unclear, the acknowledged critical step in the process of RA initiation and development is the immune break including the innate and adaptive immune cells activation, followed by excessive pro-inflammatory cytokines, chemokines and different antibodies production (Orr et al., 2018). The hallmark of RA is the chronic synovitis associated with massive amounts of innate immune cells infiltration (e.g., mast cells, neutrophils, monocytes, dentritic cells, and macrophages) as well as small proportions of T and B lymphocytes (Orr et al., 2018). Antigen-activated CD4+T cells can stimulate myeloid cells, especially neutrophils and macrophages. These activated cells then interact with synovial fibroblasts, osteoclasts and chondrocytes to release matrix metalloproteinases (MMPs), RANK ligand (RANKL), cyclooxygenase 2 (Cox2), and prostaglandins generation which contribute to sustained synovitis, cartilage erosion, and joint damage (Choy, 2012; Lee et al., 2013; You et al., 2014).
TNF-α and IL-1β, the well-known cytokines which play a critical role in etiology of RA, are produced mainly by monocytes and macrophages. TNF-α receptors are expressed on a variety of target cells. Their activation can trigger production of other cytokines, induce endothelial adhesion molecules, and stimulates collagenase and osteoclast differentiation (Weinblatt, 1992; Lee et al., 2013). Therefore, TNF-α was previously investigated as a target in RA treatment (Yamanaka, 2015). IL-1β displays activity in RA that is similar to TNF-α. They activate intra-cellular signal-transduction pathways that go through a series of kinases, leading to the activation of nuclear-factor kappa B (NF-κB) (Weinblatt, 1992). Previous reports have showed that blockage of IL-1 was significantly effective in RA, reducing inflammation, bone destruction and disease progression (Joosten et al., 1999; Pascual et al., 2005). IL-6 is another pro-inflammatory cytokine produced by T cells, monocytes, macrophages, and synovial fibroblasts (Hunter and Jones, 2015). It is reported that RA patients have elevated serum levels of both IL-6 and IL-6R in serum and synovial fluid (Santos Savio et al., 2015). IL-6 has a crucial role in the inflammatory processes once at the joint, including osteoclast-mediated bone resorption and pannus development (Srirangan and Choy, 2010). In the treatment of RA, IL-6 blockade has proven to be very useful for those patients who are refractory to conventional therapy or TNF inhibitors (Narazaki et al., 2017). Chemokines also play an important role in the recruitment of leucocyte subset in inflamed joints in RA. Blocking CXC chemokine receptor 3(CXCR3) or C-C chemokine receptor 5 (CCR5) have the potent anti-arthritic effects on collagen-induced arthritis (CIA) in DBA/1J mice, which was mainly due to the NF-κB expression suppression in immune cells (Bakheet et al., 2020; Ansari et al., 2021). Due to the importance of inflammatory cytokines/chemokines in RA pathogenesis, targeting the key cytokines or upstream signaling activation will be useful strategy to control clinic symptoms and alleviate disease severity.
Toll-like receptors (TLRs), a family of innate pattern recognition receptors, are widely involved in the regulation of innate immunity. So far, 10 TLRs substypes have been identified (Kawai and Akira, 2010). Among TLRs, the impact of TLR 2, 3, 4, seven and 9 on arthritis development has been investigated in STA model in details. TLR2 exhibits an inhibitory role in STA model by controlling the inhibitory FcrRIIB receptor on macrophages (Abdollahi-Roodsaz et al., 2013). TLR9 activation facilitates the binding of unmethylated DNA CpG motifs (CpGs) to dentritic cells (DCs) and the subsequent crosstalk with natural kill cells (NKs), leading to a significant reduction of neutrophil migration into the joint (Wu et al., 2007). Though TLR4 is normally thought to play a pathogenic role in diseases, the impacts of TLR4 on the progression of arthritis in STA model are inconsistent in different studies (Choe et al., 2003; Kim and Chung, 2012). On the contrast, it is clear that TLR3 and seven play a pivotal role in arthritis progression. Moreover, they also have a synergy effect on IL-1β production, which is mostly dependent on the interferon regulatory factor (IRF5) function (Duffau et al., 2015). In addition, NF-κB signaling pathways, involved into inflammatory responses in the pathogenesis of RA (Bondeson et al., 1999; Tak et al., 2001), can also be activated in myeloid cells when TLR7/8 agonists bind to their receptors, and the subsequent cytokines production are cell-type dependent (Eng et al., 2018).
IRF5 is known as a key transcription factor involved in the control of the expression of pro-inflammatory cytokines responses to microbial infection and type I interferon responses to virus (Krausgruber et al., 2010). Recently, polymorphisms in the IRF5 gene have been found to associate with an increased risk of developing rheumatoid arthritis, lupus erythematosus and inflammatory bowel diseases (Demirci et al., 2007; Balasa et al., 2010; Dawidowicz et al., 2011). As a central transcription factor of TLR7 signaling, IRF5 can affect neutrophil influx to the inflammatioin sites, define the inflammatory macrophages phenotype and impact cytokines production (Schoenemeyer et al., 2005; Weiss et al., 2015). TLR7 induced IL-1β production in synovial fibroblasts and M1-type macrophage from rheumatoid arthritis patients was also in an IRF5-dependent manner (Guo et al., 2018). In addition, IRF5 also has the species-invariant role in controlling the inflammatory macrophage phenotype (Weiss et al., 2013). Depletion of IRF5 is able to protected mice from methylated BSA-induced acute arthritis or K/BxN serum transfer arthritis, suggesting that IRF5 could be an attractive therapeutic target in arthritis.
Euphorbia L. are traditional medicine for folk medicine practice (Li et al., 2003). They are reported to have many pharmacological effects and be used in the treatment of ascites syndrome, abscess, arthralgia syndrome and hemorrhage syndrome (Li et al., 2003). A previous study reported that supplementation with Euphorbia hirta (E. hirta) extract significantly alleviated the adjuvant induced arthritis (AIA) in mice by decreasing the levels of inflammatory-mediators (Ahmad et al., 2014). The seeds of Euphorbia lathyris L. are the most typical and traditionally used herbs. Due to the mupltiple pharmacological effects, they have been added in chinese herbal compound preparation such as Zijingding and the traditional Chinese medicine prescription “Tongguansan” (Mei, 1989; Fan and Zhang, 1991). In a series of latheyran editerpenes extracted from Euphorbia lathyris L. seeds, known as Euphorbia factor L1-L11 (EFL1-11), EFL2 has been reported to have anti-cancer ability. It induced the apoptosis of lung cancer cell line A549 in a dose-dependent manner in vitro (Lin et al., 2017). A separate study also indicated its inhibitory effect tumor growth by suppressing SMMC-7721 and Hep G2 cells proliferation and migration via STAT3 phosphorylation (Fan et al., 2019). Our recent study identified EFL2’s robust improving effect on LPS-induced lung injury in mice (Zhang et al., 2018). In the present study, we assessed the pharmaceutic and pharmacokinetic features of EFL2, and evaluated its protective effect on K/BxN serum-transfer arthritis in mice. Moreover, we determined its inhibitory role on TLR7 mediated signaling pathways and elucidated its anti-arthritis mechanisms both in vivo and in vitro.
MATERIALS AND METHODS
Preparation of EFL2
Isolation and identification of EFL2 (C38H42O9, Figure 1A) were performed as described before (Zhang et al., 2018). The purity of up to over 98% was determined by HPLC. EFL2 was dissolved in DMSO as a stock solution. The stock solution was diluted (1:100) with sterile PBS supplemented with 3% tween 20 before administrated to mice (the final concentration of DMSO is 1%).
[image: Figure 1]FIGURE 1 | Euphorbia factor L2 effectively alleviates K/BxN serum transfer arthritis (STA) in mice (A) Chemical structure of EFL2 (C38H42O9, molecular weight = 642.735) (B) Arthritic index in each group was recorded every day after serum injection (day 0) (C) Representative hematoxylin and eosin (H.E.) staining images of the knee joints. Assessment of inflammatory cell infiltration (D) and synovial hyperplasia (E) in the knee joints from the control (n = 6), STA (n = 8), STA mice treated with DEX (n = 5) or EFL2 (15 or 40 mg/kg) (n = 5–8) and mice solely treated with EFL2 (40 mg/kg) (n = 3) (F-J) TNF-α (F), IL-4 (G), IL-17A (H), IL-1β (I) and IL-6 (J) levels in the blood of control, STA and STA mice treated with DEX or EFL2. Data represent the mean values ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 were considered as significant.
Establishment of K/BxN Serum-Transfer Arthritis Model and Animal Treatment
K/BxN serum was collected from K/BxN mice at 8 weeks of age, pooled, aliquoted and stored at -20 °C. K/BxN serum-transfer arthritis (STA) model was induced by intraperitoneal (i.p.) application of 150 μL of serum at day 0. Clinical score for arthritis severity was assessed using a 0–4 point scale for each paw at various time points (0–16 total score) as described previously (Luo et al., 2011). 8-week old male C57BL/6 mice were purchased from Dashuo Animal Center (China, Chengdu), maintained at 25°C, and exposed to 12-h light and dark cycles. Mice were fed with standard laboratory chow and water with 1 week of acclimatization. Naive mice were used as the control group. Except the control mice, all mice were i. p. injected with 150 μL of serum, then randomly divided into the following groups and treated with different compounds daily for the consecutive 8 days: 1) STA group; 2) Solvent control group, mice were gavaged with the solvent; 3) Dexamethasone (DEX) group, mice were gavaged with 30 mg/kg DEX; 4) EFL2 group 1, mice were gavaged with 40 mg/kg EFL2; 5) EFL2 group 2, mice were intraperitoneally injected with 15 mg/kg EFL2; 6) EFL2 group 3, the control mice were intraperitoneally injected with 40 mg/kg EFL2. In addition, the control mice were intraperitoneally injected with 40 mg/kg EFL2. All animal experiments were conducted in accordance with ethical regulation for animal care and use in China.
In vivo Pharmacokinetic Study
Prior to the pharmacokinetic study, 12 male C57BL/6 mice were fasted for 12 h with free access to water, and then treated by intraperitoneal injection of EFL2 at a dose of 40 mg/kg. About 50 μL blood samples were collected via the oculi chorioideae vein at 0.5, 1, 2, 4, 8, 12, 24, 72, 96, and 168 h, respectively. After centrifugation at 5,000 rpm for 10 min, plasma samples were obtained and frozen at −80°C until analysis. The pharmacokinetic parameters of EFL2 were calculated using WinNolin 4.0.1 software.
Preparation of Plasma Sample
20 μL plasma samples were spiked with 340 μL acetonitrile by vortex mixing for 30 s. The mixture was then centrifuged at 10,000 rpm for 5 min at 4°C to separate the precipitated protein. An aliquot of 50 μL supernatant was transferred to a fresh tube and spiked with 450 μL mobile phase (acetonitrile containing 0.1% formic acid). After centrifugation at 13,000 rpm for 5 min, 3 μL supernatant was injected into Agilent 6,495 Triple Quadrupole LC/MS/MS system for each time. Then, the concentration of EFL2 was determined.
Instrumentation and UPLC-MS Method
An Agilent 1,200 series UPLC system (Agilent Technologies, Waldbronn, Germany) equipped with an 6,495 quadruple mass spectrometer (Agilent Technologies, Santa Clara, CA, United States) were used for pharmacokinetic study. The separation was carried out with Waters Acquity UPLC BEH C18 column (2.1 × 50 mm, 1.7 μm) at a constant temperature of 30 °C. The mobile phase was composed of aqueous solution (0.1% formic acid, A) and acetonitrile (containing 0.1% formic acid, B) and the program of the mobile phase was as follows: 0 min, 40% B; 1 min, 40% B; 1.5 min, 80% B; 2.5 min, 90% B; 4 min, 90% B; 4.1 min, 40% B; 6 min, 40% B, at a flow rate of 0.3 ml/min. The mass spectra were acquired using a triple quadrupole mass spectrometer with ESI ion source in positive mode. The ionization conditions were as follows: drying gas temperature (N2), 300°C; gas flow, 11 L/min (N2); nebulizer pressure, 35 psi (N2). An Agilent Mass Hunter workstation was used for data processing.
Histological Assessment
The left knee joints were removed on day 13 post STA and fixed in 4% formaldehyde overnight at 4°C. The tissues were decalcified in EDTA and sectioned after embedding in paraffin. 5 μm sections were deparaffinized with xylene, re-hydrated with 100, 95 and 80% ethanol and then stained with hematoxylin and eosin (H&E). Histopathological changes in the knee joints were measured using a semiquantitative scoring system (0–4 scale) to assess synovial hyperplasia and articular inflammatory cells infiltration as previously described (Yamanishi et al., 2002).
Flow Cytometry Analysis
150 μL peripheral blood and the hind ankles were collected on day 5 and 13 post KBx/N serum transfer, respectively. For the peripheral blood samples, red blood cells were lysed and cells were prepared as single cell solution. The hind ankles were cut into 1 mm2 pieces, and then digested in 10% DMEM containing Collagen IV (1 mg/ml) for 1 h at 37°C. Single cell solution was then prepared after passing through 40 μm cell strainer. 1×106 cells were stained with FITC-conjugated CD11b (BD, United States, 1:500), PE-conjugated F4/80 (BD, United States, 1:400), PerCP-Cy5.5-conjugated Ly6G (BD, United States, 1:400) and APC-conjugated Ly6C (BD, United States, 1:200) to detect macrophage, neutrophil and monocyte. Data were acquired using a BD FACSCalibur flow cytometer (BD Biosciences) and were analyzed by using FlowJo software (Version 7.6.1).
Cell Preparation and Culture
RAW264.7 cells, a mouse macrophage cell line, were cultured in DMEM medium containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and maintained at 37 °C in 5% CO2 humidified air. Bone marrow-derived macrophages (BMDMs) generation was performed as following description. In brief, bone marrow cells were harvested from tibias and femurs of C57BL/6 mice and differentiated for 7 days in DMEM medium supplemented with 10% FBS, 1% penicillin-streptomycin and 50 ng/ml M-CSF. For human peripheral blood mononuclear cells (PBMCs) preparation, 5 ml peripheral venous blood was obtained from healthy donors in West China Hospital. PBMCs were isolated with Human Lymphocyte Separation Medium (LTS1077, Tian Jing, China) according to the manufacturer’s instructions. The experimental protocols were performed according to the approved guidelines established by the Institutional Human Research Subject Protection Committee of the Ethics Committee of West China Hospital, Sichuan University, China.
Cell Viability Measurement
The effects of EFL2 on RAW264.7 cells, BMDMs and PBMCs viability were evaluated by Cell Counting Kit-8 (CCK8) assay (Dojindo, Japan). Briefly, RAW264.7 cells (1×105 cells/well), BMDMs (1×105 cells/well) and PBMCs (1×106 cells/well) were plated into 96-well plates and then incubated at 37 °C in 5% CO2 incubator overnight. The medium was disposed next day and cells were incubated with different concentrations of EFL2 (0.1, 0.5, 1, 5, 10, 25, 50 and 100 µM) for 20 h. After disposing the supernatant, 100 μL of culture medium supplemented with 10 μL of CCK8 were added into wells and incubated for an additional 4 h. The optical absorbance at 450 nm was read with a Biotek Eon™ microplate reader (Biotek, Vermont, United States).
ELISA Assay for Cytokines Measurement
RAW264.7 cells (5×105/ml), BMDMs (5×105/ml) and PBMCs (2×106/ml) were plated in 96-well plates and incubated overnight. RAW264.7 cells (5×105/ml) or BMDMs were either solely stimulated by poly:IC (1 μg/ml) (InvivoGen, United States), R837 (20 μg/ml) (Invegen, United States) and the combination of poly:IC and R837, or pretreated with EFL2 (1, 5 and 10 µM) 30 min prior to poly:IC and/or R837 stimulation for 24 h. For the anti-inflammatory molecular mechanism study, RAW264.7 cells (5×105/ml) were plated in 96-well plates and stimulated with R837 (20 μg/ml) with or without the addition of NF-κB inhibitor (JSH-23, 10 μM/ml) for 24 h. After 24 h, the culture supernatant was collected for cytokines measurements.
IL-4, IL-17A and TNF-α in sera from different group mice were measured using CBA Multiplex kit (BD, United States). The concentrations of IL-1β and IL-6 in serum or supernatant were detected by ELISA Kit (MULTI SCIENCES, China) according to the manufacturers’ instructions.
Western Blot Assay
RAW264.7 cells (2×106 cells/well) were plated into 6-well plates and then incubated at 37°C in 5% CO2 for 24 h. After incubated with various concentrations of EFL2 (1, 5 and 10 µM) for 1 h, cells were then stimulated by R837 (20 μg/ml) for 30 min. Cell lysates were prepared by direct lysis in 20 µL IP buffer (Beyotime Biotechnology, Shanghai, China). After obtaining the whole cell extracts, the cytosolic and nuclear were seperated using Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotechnology, Shanghai, China). BCA Protein Assay Kit (Beyotime Biotechnology, Nantong, China) was applied to determine the protein concentrations. The bands corresponding to p- IKKα/β, IKKα/β, p-IκBα, IκBα, p-p65, p65, p-IRAK4, IRAK4, p-IKKβ, IKKβ, p-IRF5, IRF5, β-actin and Lamin B were visualized using a Western Blot Detection Chemiluminescence Kit (Merck). Protein extracted from the total lysates/cytoplasm and nucleus was quantified in relation to β-actin and Lamin B bands, respectively.
The antibodies used in the experiments were as follows: rabbit anti-mouse IKKα/β polyclonal antibody (1:1,000, Abways, China), rabbit anti-mouse IκBα polyclonal antibody (1:1,000, Abgent, China), rabbit anti-mouse p65 polyclonal antibody (1:1,000, Abgent, China), rabbit anti-mouse phosphorylated IKKα (Ser176)/β (Ser177) (1:1,000, Abways, China), rabbit anti-mouse phosphorylated IκBα (1:1,000, Abcam, United States), rabbit anti-mouse phosphorylated p65 (1:1,000, Abcam, United States), rabbit anti-mouse IRAK4 polyclonal antibody (1:1,000, Proteintech, United States), rabbit anti-mouse phosphorylated IRAK4 (Thr345/Ser346) (1:1,000, Affinity, United States), rabbit anti-mouse IKKβ polyclonal antibody (1:1,000, Abbkine, United States), rabbit anti-mouse phosphorylated IKKβ (Ser177) (1:1,000, Abways, China), rabbit anti-mouse IRF5 polyclonal antibody (1:1,000, Immunoway, United States), rabbit anti-mouse phosphorylated IRF5 (Ser437) (1:1,000, Affinity, United States), anti-mouse actin monoclonal antibody (1:20,000, Transgen, China) and rabbit anti-mouse LaminB monoclonal antibody (1:5,000, Abways, China).
Transfection of IRF5 Plasmid
RAW264.7 cells (4×105 cells/well) were seeded into 6-well plates before transfection with the plasmid. When cells confluency reached 60%, RAW264.7 cells were transfected with plasmid IRF5-mouse vector (Origene, United States) using TransEasy™ Transfection Reagent (FOREGENE, China). IRF5 plasmid was suspended with transfection reagent as 1:1.5. Cells were incubated at 37°C for 24 h, then treated with EFL2 and R837 for another 24 h. The supernatant was collected for IL-1β and IL-6 measurements using ELISA kits as described above. For western blot detection, RAW264.7 cells were pretreated with EFL2 (10 µM) for 1 h and stimulated with R837 (20 μg/ml) for 40 min after IRF5 plasmid transfection. Cell lysates were prepared as described above.
Confocal Microscopy
P65 and IRF5 translocation activity was analyzed by confocal microscopy. Briefly, 1×105 RAW264.7 cells were plated on coverslips overnight. Cells were pretreated with various concentrations of EFL2 (1, 5 and 10 µM) for 1 h and then stimulated by R837 (20 μg/ml) for 30 min. After washed with ice-cold PBS, RAW264.7 cells were fixed with 4% paraformaldehyde for 20 min at room temperature. The coverslips were washed with PBS with 0.2% tween 20 and blocked with 5% goat serum. Primary antibodies were applied to coverslips overnight at 4°C, followed by secondary antibodies incubation for 1 h at room temperature. After three times wash, coverslips were mounted with Fluoroshield™ with DAPI (Solarbio, China) and images were acquired by confocal microscopy (ZEISS, Germany). Primary antibody: rabbit anti-mouse IRF5 (1:800, Abcam, China); rabbit anti-mouse p65 (1:1,000, Abcam, China). Secondary antibody: Alexa eFluor®488 conjugated goat anti-rabbit IgG (1:2000, Thermo Fisher Scientific, Carlsbad, United States).
Immunochemistry Staining
The dissected left ankles were fixed in 4% formaldehyde overnight. Embedding, de-paraffinization, and re-hydration of the ankle sections were the same as described for H&E staining. After treated with 3% hydrogen peroxidase for 10 min, the tissue sections were immersed in a 10 mM sodium citrate buffer (pH 6.0) for 15 min at 95°C, and washed with PBS. The sections were then blocked with 5% goat serum in PBS, and incubated with primary antibodies overnight at 4°C. Primary antibodies were as follows: rabbit anti-mouse IL-1β (1:600, Abcam, China); rabbit anti-mouse IL-6 (1:50, Abcam, China). The signal was visualized using an Envision System (DAKO, United States). The images were then acquired by microscopy (Leica DMil).
PCR Array Analysis
Total RNA was isolated from the right ankles using the TRIzol Reagent (Invitrogen) and purified with RNeasy Mini Kit and RNase-Free DNase Set (Qiagen). RNA quality was determined using a spectrophotometer and was reversely transcribed using Wcgene® mRNA cDNA kit. The complementary DNA was used on the Toll-like Receptor Pathway PCR Array plate (Wcgene® biotech, China).
Quantitative RT-PCR
Frozen right ankles were pulverized with liquid nitrogen and total RNA was extracted using Trizol reagent (Invitrogen). RNA was reverse transcribed into cDNA using an oligo d(T) primer. The obtained cDNA was applied for quantitative RT-PCR using SYBR Green I-dTTP (Eurogentec). Samples were analyzed in triplicate, and β-actin was used as endogenous controls. Data was analyzed using the 2−ΔΔCt method and is expressed as “Fold change” (expression relative to housekeeping gene and normalized to reference sample).
Statistical Analysis
Data are presented as the mean ± SEM. Statistical analysis for multiple comparisons was performed by one-way ANOVA followed by Bonferroni’s post-hoc comparisons test using GraphPad Prism 8.0 software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered as significant difference.
RESULTS
EFL2 Effectively Alleviates Arthritis Severity in STA Mice
Developing anti-arthritic drugs and verifying therapeutic effect can be achieved by taking advantage of animal arthritis models. Although many murine models of arthritis have inflammation effector features, the injection of K/BxN mice serum containing antibodies against glucose-6-phosphate isomerase (G6PI) mainly induce inflammatory arthritis by initiating innate immune system. Unlike collagen-induced arthritis, myeloid cells exert a central role in K/BxN serum-transfer model, but T and B cells are not required (Christensen et al., 2016). Macrophages, neutrophils and Ly6C− nonclassical monocytes are major pivotal cell types which play an essential role in the initiation, progression and resolution of sterile joint inflammation in K/BxN serum-transfer arthritis (STA) model (Solomon et al., 2005; Misharin et al., 2014).
In this study, we evaluate the inhibitory effect of EFL2 on inflammatory arthritis, and also test the therapeutic efficiency of EFL2’s gavage and intraperitoneal (i.p.) injection in STA mice. The clinic scores in STA mice showed a rapidly increased clinic score following with slow remission from day 5–8 (Figure 1B). Meanwhile, histological assessment of the joints demonstrated abundant infiltrated inflammatory cells in the knee of STA mice, accompanied with obvious synovial hyperplasia (Figures 1C–E).
In contrast, DEX administration significantly lowered arthritis clinical scores, and reduced infiltrated cells in the joints of STA mice (Figures 1B–E). In EFL2-treated groups, EFL2 oral administration did not affect the arthritis severity of STA mice at all (Figure 1B). Whereas, i. p. injection with the same dose of EFL2 (40 mg/kg) dramatically improved joint swelling and redness in STA mice (Figure 1B). 15 mg/kg of EFL2, to a moderate extent, alleviated arthritis symptoms, particularly in the acute phase of arthritis (Figure 1B). Mice were sacrificed on day 8 and there were abundant inflammatory cells infiltrating into the joint in STA mice, accompanied with obvious synovial hyperplasia (Figures 1C–E). As shown in Figure 1C, 15 mg/kg of EFL2 only partially reduced the excessive inflammatory cells infiltration and synovium hyperplasia in STA mice. In contrast, high dose of EFL2 (40 mg/kg) or DEX treatment significantly inhibited inflammatory status and inflamed synovium in joints of STA mice (Figures 1C–E).
Inflammatory cytokines (e.g. TNF-α, IL-17, IL-1β and IL-6) are known to be pathogenic factors triggering joint diseases and established synovitis (Martin et al., 2017). The impact of EFL2 on a series of pro-inflammatory cytokines production was also assessed. Interestingly, no significant changes in TNF-α, IL-4 and IL-17A levels were observed among different groups (Figures 1F–H). Unlike TNF-α, IL-1β is absolutely required for disease development in K/BxN serum transfer arthritis (Ji et al., 2002). Meanwhile, IL-6 is also considered as a key inflammatory mediator in the pathogenesis of rheumatoid arthritis (Calabrese and Rose-John, 2014). Over 2-fold levels of IL-1β and IL-6 were detected in the sera of STA mice, which were significantly reduced by EFL2 (40 mg/kg, i. p.) or DEX treatment (Figures 1I,J). In contrast, 15 mg/kg of EFL2 only effectively inhibited IL-6 level of STA mice on day 8 (Figure 1J). Taken together, above results indicate that the intraperitoneal administration of EFL2 is able to ameliorate the disease severity of STA, which might due to the decrease of pro-inflammatory cytokines production in serum.
Pharmacokinetic Study of EFL2
An UPLC-MS/MS method was successfully developed and applied to a pharmacokinetic study of EFL2 in the plasma after intraperitoneal injection. The main pharmacokinetic parameters of EFL2 were shown in Table 1. After 40 mg/kg intraperitoneal injection, the concentration of EFL2 reached a maximum plasma concentration (Cmax) of 4,525.12 ± 1,630.01 ng/ml, and the time to reach the maximum concentration (Tmax) was 2.50 ± 1.73 h. The short T max indicated that EFL2 was rapidly absorbed in vivo and produced quick therapeutic effects. The area under the plasma concentration versus time curve from zero to time t (AUC0–t) was (374.10 ± 163.96) h·ng/ml for EFL2. Besides, EFL2’s half time (t1/2) value was 21.17 ± 7.11 h, which suggested that EFL2 was slowly eliminated in vivo.
TABLE 1 | Pharmacokinetic parameters of ELF2 in mice after intraperitoneal injection of EFL2 (n = 6 for each time points).
[image: Table 1]EFL2 Suppresses the Inflammatory Cells Infiltration and Activation in Ankles of STA Mice
The infiltration of myeloid cells, especially macrophages and neutrophils, is a prominent feature of synovium lesions, and is also positively correlated with the degree of joint erosion (Choy, 2012; Orr et al., 2018). Next, we performed flow cytometry to analyze different myeloid cells in blood and ankle of mice, respectively. Compared with control mice, STA mice showed dramatic increases in the proportions of neutrophil (Ly6G+) and inflammatory monocyte (CD11b+Ly6C+Ly6G−) in the circulation (Supplementary Figure S1). In addition, we detected predominant neutrophils infiltration in the ankles of STA mice (Figures 2D,E), accompanied with significantly increased percentages of macrophages and inflammatory monocytes (Figures 2A–C). 30 mg/kg DEX significantly inhibited the increases of these myeloid cells subsets in the ankles of STA mice (Figures 2A–E). While, EFL2, at the dose of 15 mg/kg, remarkably reduced macrophage and inflammatory monocyte influx into the ankles but not neutrophil (Figures 2B,C). 40 mg/kg of EFL2 treatment displayed a more robust suppressive effect on the expansions of these three myeloid cells subsets both in the blood and ankles of STA mice (Supplementary Figure S1, Figures 2A–E).
[image: Figure 2]FIGURE 2 | Euphorbia factor L2 suppresses inflammatory cells infiltration into the ankle. Flow cytometry gating strategy and quantification for macrophages (CD11b+F4/80+) (A, B), inflammatory monocytes (CD11b+Ly6C+Ly6G−) (A, C) and neutrophils (Ly6G+) (D, E) in the ankles from the control, STA, STA mice treated with DEX or EFL2 (15 or 40 mg/kg) and mice solely treated with EFL2 (40 mg/kg) (n = 3-7 per group) (G, H) mRNA expressions of chemokine CCL3, CXCL-1, CXCL-5, CXCL2 (G) and inflammatory cytokine IL-1β and IL-6 (H) in the ankles from each group (I) Immunohistochemical staining for IL-1β and IL-6 in the ankle from the control, STA, STA mice treated with EFL2 (15 or 40 mg/kg) and mice solely treated with EFL2 (40 mg/kg). Arrows represent the synovium with numbers of infiltrated inflammatory cells. Data represent the mean values ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 were considered as significant.
To assess whereby EFL2 administration prevents the infiltration of these myeloid cells in the ankles, we analyzed the mRNA expressions of known neutrophil chemoattractant, such as CXCL1, CXCL2, CXCL5, and chemokine (C-C motif) ligand CCL3, CCL4 and CCL5 in the ankles of mice. CCL4 and CCL5 mRNA expressions were undetectable in our study. No significantly changes were observed in CXCL2 gene expression among different groups (Figure 2F). In contrast, CXCL1 and CXCL5 mRNA expressions were significantly up-regulated in the ankles of STA mice on day 5, which were remarkably down-regulated by 40 mg/kg EFL2 i. p. treatment (Figure 2F). Meanwhile, this compound also significantly reduced the gene expression of CCL3, known as macrophage trafficking, in STA mice (Figure 2F). In contrast, EFL2, at the dose of 15 mg/kg, only significantly decreased chemoattractant CCL3 mRNA expression (Figure 2F).
Since the infiltration of myeloid cells contributes to increased inflammatory cytokines levels in inflamed joints, we next detected mRNA expression of inflammatory cytokines in the ankles. Compared with control mice, IL-1β and IL-6 mRNA expression increased to 35- and 27-fold in the ankles of STA mice, respectively, which were robustly inhibited by EFL2 i. p. treatment (Figure 2G). Immunohistochemical staining for IL-1β and IL-6 further confirmed EFL2 could inhibit these two cytokines production in the local inflamed joints (Figure 2H). Collectively, these data indicate that EFL2 i. p. administration is able to inhibit inflammatory cells infiltration by suppressing neutrophil and macrophage chemoattractants and suppress their activation to reduce local inflammatory cytokines production.
The Suppressive Role of EFL2 on TLR Signaling Pathway in Ankles of STA Mice
Toll-Like Receptors (TLRs) are reported to implicate into the initiation, progagation and remission phases of STA (Guo et al., 2018). To identify the most relevant TLR signaling pathway which is implicated into EFL2’s suppressive effect on STA and inflammatory cytokines production, PCR array was performed in this study. As shown in Figure 3A, 44 gene expressions were increased in ankle of STA mice compared with control mice. Recently, emerging newer data indicate the role of TLR7 in the pathogenicity of RA, particular in the aspect of rhematoid synovitis (Kim et al., 2016) and bone erosion (Kim et al., 2019). A recent study showed that TLR7 deficiency alleviated K/BxN serum-induced arthritis by imparing interferon regulatory factor 5 (IRF5) mediated IL-1β and IL-6 produced by macrophages and synovial fibroblasts, respectively (Duffau et al., 2015). We found a 16-fold increase in TLR7 expression at the transcriptional level in STA mice compared with control mice (Figures 3A,B). In addition, mRNA expressions of TLR2 and 9 which mediate an inhibitory role in STA model (Abdollahi-Roodsaz et al., 2013) were also significantly increased in STA mice. Consistently, STA mice displayed up-regulated mRNA expressions of other downstream genes including Myd88, IRAK1/4, Nfkbia/ib, IRF5, Rel, Map3K7 and Mapk8 (Figure 3B). While, 40 mg/kg EFL2 i. p. injection exerted a robust inhibitory effect on above up-regulated genes expression (Figure 3B). The inhibitory effects of TLR2 and TLR9 in STA pathogenesis can not explain the EFL2’s anti-inflammatory role in arthritis. Considering TLR7 mediated-downstream has a promoting role in inflammatory arthritis (Guo et al., 2018), we hypothesized that EFL2 may mainly interfere with TLR7-mediated signaling pathway in STA model to alleviate the inflammatory status in mice.
[image: Figure 3]FIGURE 3 | Euphorbia factor L2 suppresses TLR signaling pathway activation (A) Heat map showing the log(fold-changes) in TLR signalling pathway genome in the ankles of mice. Color scale ranges from red to blue which respectively denotes the up- or down-regulated of the genes (B) RT-PCR verified the changes in the transcriptional regulators mRNA expression among control, STA and STA mice i. p. injected with EFL2 (40 mg/kg) (n = 3 in control, n = 5 in STA and EFL2 treated groups). Data represent the mean values ±SEM. *p < 0.05, **p < 0.01, ***p < 0.001 were considered as significant. $: STA versus Control, p < 0.05; #: STA + EFL2 treatment versus STA, p < 0.05.
EFL2 Strongly Inhibits TLR7-Induced Cytokine Production in vitro
EFL2 is a latheyran editerpene extracted from Euphorbia lathyris L. seeds with toxicity. We noticed that the peak concontration of EFL2 in sera was equal to 7.03 μM based on Cmax (4.52 ± 1.63 μg/ml) and its molecular weight (C38H42O9, MW = 642.6). Therefore, we set up the concentrations (from 0.1 to 100 μM) to test the toxicity of EFL2 on these cell lines. As shown in Figure 4. A and D, EFL2, did not display significant cytotoxicity in RAW264.7 cells or primary murine bone marrow-derived macrophages (BMDMs) until its concentration reached 25 μM (Figures 4A,D). In contrast, EFL2 did not affect PBMCs viability even at the high concentration of 100 μM (Figure 4G), suggesting that PBMCs are not sensitive to EFL2 treatment than murine macrophages.
[image: Figure 4]FIGURE 4 | Euphorbia factor L2 reduces IL-1β and IL-6 production in R837-stimulated macrophages in vitro (A, D, G) Cytotoxicity effect of different concentrations of EFL2 (0.1, 0.5, 1, 5, 10, 25, 50 and 100 μM) on RAW264.7 cell (A) bone marrow-derived macrophages (BMDMs) (D) or PBMCs (B, E, H) Effect of different concentrations of EFL2 (0.1, 0.5, 1, 5, 10 μM) on IL-1β production in R837-stimulated RAW264.7, BMDMs and PBMCs (C, F, I) Effect of different concentrations of EFL2 on IL-6 production in R837-stimulated RAW264.7, BMDMs and PBMCs (J, K) The inhibitory effect of EFL2 on IL-1β and IL-6 secreted by RAW264.7(J) or BMDMs (K) under the co-stimulation of poly:IC and R837. n = 3 for each group in an independent experiment. Data represent the mean values ±SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 were considered statistically significant.
Next, we test EFL2’s anti-inflammatory ability in murine macrophages and human PBMCs in vitro. R837, also known as imiquimod, is a strong TLR7 ligand agonist. It robustly induced IL-1β and IL-6 release in the supernatant of RAW264.7 cells, BMDMs and PBMCs (Figure 4). Notably, EFL2, even at the lower concentration of 0.1 μM, was able to effectively inhibit IL-1β secretion in RAW64.7 or BMDMs (Figures 4B,E). This compound also dose-dependently reduced IL-6 production in murine macrophages (Figures 4C,F). By comparison, the suppressive effect of EFL2 on IL-1β production was prior to that on IL-6 in human PBMCs (Figures 4B,C).
It is shown that TLR3 has a marked synergy role with TLR7 ligand for IL-1β production in BMDMs (Guo et al., 2018). In this study, we applied poly (I:C), a strong TLR3 agonist, to stimulate murine macrophages solely or together with R837. Poly (I:C) itself did not affect IL-1β and IL-6 production in BMDMs, but it significantly increased these two cytokines secretion in RAW264.7 cells. The addition of poly (I:C) did enhance IL-1β and IL-6 production in either R837-stimulated RAW264.7 cells or BMDMs (Figures 4J,K). Various concentrations of EFL2 to different expent decreased the levels of IL-1β and IL-6 in the supernatant of these two murine macrophages co-stimulated by poly (I:C) and R837 (Figures 4J,K). Overall these data demonstrate that EFL2 exerts effective anti-inflammatory role via inhibiting TLR7-induced proinflammatory cytokines production in murine macrophages.
EFL2 Suppresses TLR7-Mediated IRAK4/IKKβ/IRF5 Signaling Pathway Activation
Following TLR7/8 activation, IRAK4 kinase can act with TAK1 to cause IKKβ phosphorylation, subsequently inducing IRF5 phosphorylation and translocation in human monocytes (Cushing et al., 2017). Based on above data, we hypothesize that TLR7-mediated IRF5 signaling pathway is implicated into the molecular mechanisms of EFL2’s anti-inflammatory effect. Similar to the previous findings in human monocyte (Cushing et al., 2017), R837 rapidly triggered the phosphorylation of IRAK4 and IKKβ in RAW264.7 cells (Figures 5A–C), followed with IRF5 phosphorylation at ser437 (Figures 5D,E). Additionally, R837 enhanced IRF5 translocational activity in 1 h, evidenced by the decreased expression in cytoplasm but increased expression in nucleus (Figures 5D,F). Immunofluorescence staining further confirmed that R837 dramatically induced IRF5 translocation from cytoplasm to nucleus (Figure 5G). While, EFL2 pretreatment significantly suppressed the phosphorylation of IRAK4, IKKβ and IRF5 in R837-stimulated RAW264.7 cells (Figures 5A–F). Meanwhile, IRF5 translocation was also effectively blocked by EFL2 at the concentrations of 5 and 10 μM (Figures 5D,F), which was also represented by less IRF5 positive staining in nucleus (Figure 5G).
[image: Figure 5]FIGURE 5 | EFL2 reduced IL-1β and IL-6 production via robustly inhibiting TLR7-IKKβ-IRF5 signalling pathway (A-C) Western blot bands (A) and quantification of p-IRAK4, IRAK4 (B), p-IKKβ and IKKβ expression (C) in RAW264.7 cells (D-F) Western blot bands (D) and effects of EFL2 on R837-induced IRF5 phosphorylation (E) and IRF5 expression in cytoplasm and nucleus (F) (G) IRF5 localization determined by immunofluorescence staining (Magnification: ×40) (H) IRF5 expression in cytoplasm and nucleus after IRF5 overexpression (I) Quantification of IRF5 expression after transfection (J, K) The levels of IL-1β (J) and IL-6 (K) produced by RAW264.7 cells before and after IRF5 overexpression (n = 3 for each group in an independent experiment). Data represent the mean values ±SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 were considered as significant.
To further confirm if the blockage of IRF5 activation is an essential process whereby EFL2 decreases pro-inflammatory cytokines reduction, IRF5 plasmid was transfected into RAW264.7 cells. As shown in Supplementary Figure S2, there was a significant upregulation of IRF5 expression in RAW264.7 transfected with IRF5, accompanied with IRF5 expression increase both in cytoplasm and nucleus (Figure 5H). Meanwhile, overexpression of IRF5 significantly reversed the suppressive effect of EFL2 on nuclear translocation of IRF5 (Figures 5H,I). Moreover, EFL2-induced reduction of IL-1β and IL-6 was effectively reversed with overexpression of IRF5 (Figures 5J,K). Overall, above data demonstrate that EFL2 is able to robustly block IRAK4-IKKβ-IRF5 signaling pathway activation, leading to pro-inflammatory cytokines IL-1β and IL-6 reduction.
NF-κB Signaling Pathway is Implicated into EFL2 Caused Pro-Inflammatory Cytokines Reduction
TLR7 agonist is reported to induce NF-κB activation in myeloid cells (Eng et al., 2018). Considering that IRF5 plasmid transfection did not completely reverse the reduced IL-1β production, we detected the impact of EFL2 on NF-κB activation in R837-stimulated RAW264.7 cells. As shown in Figure 6A, the phosphorylation of IKKα/β and IκB-α rapidly occurs in R837-stimulated RAW264.7 cells (Figures 6A–C), followed by NF-κB subunit p65 phosphorylation and translocation from cytoplasm to nucleus (Figures 6D–G). In TLR7-mediated NF-κB signaling activation, EFL2 effectively inhibited IKKα/β, IκB-α and p65 phosphorylation (Figures 6A,D). In addition, NF-κB subunit p65 translocation activity was also significantly suppressed by this compound (Figures 6D,G), which was further represented by less p65 positive staining in nucleus (Figure 6G). To further confirm if EFL2-induced IL-1β and IL-6 reduction was also NF-κB-dependent in our cell system, we test the effect of JSH-23, a NF-κB inhibitor, on these two cytokines production. Interestingly, JSH-23, to a large extent, blocked R837-induced IL-1β production but only partially reduced IL-6 secretion in RAW 264.7 cells (Figure 6H), suggesting that NF-kB activation was indeed involved into TLR7 activation induced-IL-1β and IL-6 secretion in RAW264.7 cells. Meanwhile, we noticed that EFL2, at the 10 μM, showed a stronger inhibitory ability on IL-1β and IL-6 production compared to JSH-23 (Figure 6H), suggesting NF-kB signaling pathway activation partially contributes to EFL2’s inhibitory effect on inflammatory cytokines release in macrophages.
[image: Figure 6]FIGURE 6 | EFL2 inhibited the NF-κB signaling pathway activation. RAW264.7 cells were incubated with different concentrations of EFL2 (1, 5 and 10 μM) for 1 h, followed by R837 (20 μg/ml) stimulation for 30 min, then harvested for western blotting analysis (A–C) Western blot bands (A) and quantification of p-IKKα/β, IKKα/β (B), p-IkBα and IkBα (C) in RAW 264.7 cells (D–F) Western blot bands (D) and quantification of p-p65 (E) and p65 expression in cytoplasm and nucleus (F) in RAW 264.7 cells (G) p65 localization determined by immunofluorescence staining (Magnification: ×40) (H) Effect of NF-κB inhibitor on R837-induced IL-1β and IL-6 production (n = 3 for each group in an independent experiment). Data represent the mean values ±SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.01, ***p < 0.01 were considered as significant.
DISCUSSION
Although etiopathology of RA is not fully understood, the central roles of TLRs in RA pathogenesis have been gradually uncovered in preclinical models. In this study, we identified a strong anti-arthritic effect of EFL2 in K/BxN serum transfer arthritis, where myeloid cells infiltration and inflammatory cytokines levels were significantly suppressed by EFL2. In addition, the molecular mechnism study explored that EFL2 exerted anti-IL-1β and IL-6 production role by suppressing TLR7-induced IRAK4-IKKβ-IRF5 and NF-κB signaling pathway activation.
In the current study, one interesting finding is the therapeutic difference of EFL2 on STA between gavage and intraperitoneal administration. Unlike i. p. administration, treatment of STA mice with equal dose of EFL2 by gavage hardly improved ankle redness or swelling in mice. There are many potential functional groups in the structure of EFL2, such as α, β-unsaturated ketone (at 14C position), terminal alkene (at 6C position) and four ester groups (two acetate groups at 5C and 15C position, two benzoate groups at 3C and 7C position). We speculate that the four ester groups are less stable than other functional groups in gastrointestinal environment because the pH in the gastrointestinal tract is beneficial for hydrolyzation of ester, and the different types of protease may accelerate this trend. This hydrolysis degradation of EFL2 is probably the crucial reason for the difference of pharmacological activity between the oral and intraperitoneal injection. Another reason which may lead to the low oral activity is that too many ester groups reduce the solubility of EFL2 and make it difficult to oral absorption.
Unlike TNF-α, IL-1β is absolutely required for disease development in K/BxN serum transfer arthritis (Ji et al., 2002). Although one study indicated that IL-6 did not play a major role in the inflammatory response in this model (Ji et al., 2002), it is still considered as a key inflammatory mediator in the pathogenesis of rheumatoid arthritis (Narazaki et al., 2017). In the measurement of a series of cytokines, we observed that EFL2 significantly reduced the levels of IL-1β and IL-6 in serum, but surpringly did not affect other cytokines. Given the pathologic manifestations in the K/BxN serum-transfer model are joint-specific (Ji et al., 2002), we also determined the effect of EFL2 on pro-inflammatory cytokines gene expression in the inflamed ankles. Similar to the trend in the circulation, IL-1β and IL-6 gene expression in STA mice was also significantly reduced by EFL2 treatment. One explanation is due to the EFL2-depended decrease in the levels of these two cytokines in the circulation. Another possibility is the reduction of infiltrated myeloid cells which are the important resources of IL-1β and IL-6 production in the ankles of STA mice.
Among TLRs, the implication of TLR2 and 4 in RA pathogenesis gained most attention in the earlier studies (Radstake et al., 2004; Huang et al., 2007; Davis et al., 2015). Recently, emerging newer data indicate the role of TLR7 in the pathogenicity of RA, particular in the aspect of rhematoid synovitis (Kim et al., 2016) and bone erosion (Kim et al., 2019). Potential TLR7 ligands, a GUUGUGU rich miR-Let7b, is found in human synovial fluid from RA patients (Kim et al., 2016). miR-Let7b can drive RA naive myeloid cell into M1 macrophages and promote inflammatory response in myeloid cells through TLR7 ligation (Kim et al., 2016). Besides the evidence in RA patients, TLR7 is also reported to implicate in the pathogenicity of both collagen-induced arthritis and STA model (Alzabin et al., 2012; Chen et al., 2012). Based on these reports and our PCR array data, we speculate EFL2 may inhibit the inflammaotry status in STA mice by interferring with TLR7 mediated-signaling pathway activation. Although TLR2 and TLR9 mRNA expressions were also significantly altered among the control, STA and EFL2 treatment groups (Figure 3B), the changes of TLR2 and TLR9 mRNA expressions can not explain the anti-inflammatory role of EFL2 in STA model because the inhibitory effects of TLR2 and TLR9 on STA (Abdollahi-Roodsaz et al., 2013). In fact, our in vitro experiments confirmed that EFL2 did have strong inhibitory effect on TLR7 activation-mediated inflammatory cytokines release in macrophages. Interestingly, in this study, we observed the dually inhibitory ability of EFL2 on TLR7-mediated NF-κB and IRAK4-IKKβ-IRF5 signaling pathway activation in vitro.
The transcription factor NF-κB plays a critical role in inflammation, cell proliferation, and apoptosis (Baeuerle and Baltimore, 1996; Vishva and Mak, 2002). Once the cell is stimulated by agents, the IκB is phosphorylated by IκB kinase (IKK) complex containning catalytic subunits IKKα and IKKβ(Mercurio et al., 1997; Ghosh and Karin, 2002). This phosphorylation targets IκB for degradation via the ubiquitin-proteasome pathway and allows nuclear translocation of classical NF-κB complexes, mostly p65 and p50 (Brown et al., 1995; Chen et al., 1995). Following TLR7/8 activation, a recent study uncovers that IRAK4 kinase acts with TAK1 to phosphorylate IKKβ, which subsequently induces IRF5 phosphorylation and translocation in human monocytes (Cushing et al., 2017). Importantly, IRAK4-IKKβ−IRF5 axis is independent of NF-κB (Cushing et al., 2017). IRF5 activation, involved in TLR7 downstream signaling pathways, can mediate the induction of pro-inflammatory cytokines down stream of TLRs, affect neutrophil influx to the inflammatioin sites (Weiss et al., 2015), and define the inflammatory macrophages phenotype and effective Th1 and Th17 cells generation (Krausgruber et al., 2011). A recent study also showed that TLR7 deficiency led to K/BxN serum-induced arthritis reduction by imparing interferon regulatory factor 5 (IRF5) mediated IL-1β and IL-6 generation in macrophages and synovial fibroblasts, respectively. Therefore, it is possible that EFL2 may exhibit anti-inflammation effect by suppressing these two signaling pathways. The findings that the phosphorylation of IKKα/β, an upstream activator, was significantly inhibited by EFL2 supported the above hypothesis. On the other hand, the production of IL-1β in RAW264.7 cells was only partially rescued after IRF5 plasmid transfection, suggesting that there are other pathways that may also contribute to this cytokine production. In fact, EFL2 did inhibit NF-κB signaling pathway activation (Figure 6). More importantly, we also showed that NF-κB signaling activation is important to TLR7-mediated IL-1β production. Taken together, our data suggest that EFL2 exerts anti-inflammatory effect by suppressing TLR7-induced IRAK4-IKKβ-IRF5 and NF-κB signaling pathways activation.
Targeting TLRs ligands or the relevant signaling pathways is a promising strategy for rheumatoid arthritis therapy. Here, we demonstrate that EFL2 exerts the robust anti-arthritic effect by inhibiting myeloid cells infiltration and IL-1β and IL-6 production whereby TLR7-mediated IRAK4-IKKβ signaling activation were significantly blocked. Moreover, we identified EFL2 as an effective IRF5 inhibitor to block the inflammatory responses during arthritis development. This novel information indicates the new opportunity for further investigation of EFL2 as a potential candidate in TLR7 or IRF5-dependent inflammatory diseases.
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Supplementary Figure S1 | Euphorbia factor L2 suppresses inflammatory cells expansion in the peripheral blood. Representative flow cytometry plots and quantification of the percentages of neutrophils (Ly6G+) (A,B), macrophages (CD11b+F4/80+) (C,D), and inflammatory monocytes (CD11b+Ly6C+Ly6G−) (E,F) in the blood from the control, STA, STA mice treated with DEX or EFL2 (15 or 40 mg/kg) and mice solely treated with EFL2 (40 mg/kg) (n = 3−7 for each group). Data represent the mean values ± SEM of three independent experiments. **p<0.05, **p<0.01 were considered statistically significant.
Supplementary Figure S2 | IRF5 expression in RAW 264.7 cells after transfected with IRF5 plasmid. (A) Western blot bands (B) Quantification of IRF5 expression in R837-stimulated RAW264.7 cells before and after IRF5 overexpression. Data represent the mean values ± SEM of three independent experiments. *p<0.05, **p<0.01, ***p<0.001 were considered as significant.
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Rheumatoid arthritis (RA) is characterized by an impaired articular bone immune microenvironment, which is associated with regulatory T cells (Tregs) hypofunction and osteoclasts (OCs) hyperfunction and leads to articular bone erosion and systemic bone loss. Studies have shown that Tregs slow bone loss in RA by regulating the bone resorption function of OCs and the JAK/STAT signaling pathway can regulate the immunosuppressive function of Tregs and reduce the bone erosion function of OCs. Yi Shen Juan Bi Pill (YSJB) is a classic Chinese herbal compound for the treatment of RA. However, whether YSJB regulates bone immune microenvironment homeostasis through JAK/STAT signaling pathway remains unclear. Based on in vitro OC single culture, Treg single culture and OC-Treg coculture systems, treatments were performed using drug-containing serum, AG490 and JAK2 siRNA to explore whether YSJB-containing serum regulates the homeostasis of the bone immune microenvironment through the JAK/STAT signaling pathway. In vitro, YSJB treatment decreased the number of TRAP+ cells and the areas of bone resorption and inhibited the expression of RANK, NFATc1, c-fos, JAK2, and STAT3 in both the OC single culture system and the OC-Treg coculture system. Tregs further reduced the number of TRAP+ cells and the areas of bone resorption in the coculture system. YSJB promoted the secretion of IL-10 while inhibiting the expression of JAK2 and STAT3 in Tregs. Moreover, inhibiting the expression of JAK2 with the JAK2 inhibitor AG490 and JAK2 siRNA improved the immunosuppressive functions of Treg, inhibited OC differentiation and bone resorption. Our study demonstrates that YSJB can regulate OC-mediated bone resorption and Treg-mediated bone immunity through the JAK2/STAT3 signaling pathway. This study provides a new strategy for regulating the bone immune microenvironment in RA with traditional Chinese medicine.
Keywords: rheumatoid arthritis, Yi Shen Juan Bi Pill, osteoclast, regulatory T cell, JAK2/STAT3 signaling pathway
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease that is characterized by irreversible cartilage injury and secondary bone erosion. Most RA patients develop into disability following bone destruction and bone loss (Smolen et al., 2016; Rotta et al., 2020). Bone damage and bone loss are closely associated with abnormal bone resorption mediated by osteoclasts (OCs) (Zhao et al., 2017). In addition, overactivation of the immune system disrupts bone homeostasis. As negative immunoregulatory cells, regulatory T cells (Tregs) are particularly important for regulating bone balance in RA. Our previous study also showed that Tregs inhibited the differentiation and bone resorption of OCs by secreting interleukin (IL)-10 and transforming growth factor (TGF)-β, which regulated bone immune microenvironment homeostasis (Xu et al., 2016).
The Janus kinase/signal transduction and activator of transcription (JAK/STAT) signaling pathway, which acts as a downstream element of more than 50 cytokines, not only regulates embryonic formation and the immune response but also affects biological processes such as cell proliferation, differentiation, and apoptosis, including those of OCs and Tregs (Villarino et al., 2017). As a specific JAK2 kinase inhibitor, AG490 blocks RANKL-mediated OC differentiation by inhibiting the expression of NFATc1 via the STAT3 pathway (Li et al., 2013). Moreover, AG490 inhibits OC differentiation by downregulating the number of CD4+IL-17A+ T helper 17 (Th17) cells and upregulating the number of CD4+CD25+forkhead box P3 (Foxp3)+ Tregs (Park et al., 2014), as well as several molecules that favor Treg functions, such as Foxp3 and programmed cell death protein 1 (ICOS) (Park et al., 2014; Chen et al., 2018; Li and Xiong, 2020).
In traditional Chinese medicine, kidney deficiency syndrome is the most common syndrome of RA. Yi Shen Juan Bi Pill (YSJB), a classic herbal compound in traditional Chinese medicine, has been widely used to treat RA with kidney deficiency patterns in clinical settings in China. We have previously shown that YSJB significantly alleviated bone damage in collagen-induced arthritis (CIA) rats with kidney deficiency and inhibited local joint inflammation and OC differentiation in CIA rats (Zhao et al., 2012). Interestingly, YSJB also regulates the balance of T cell phenotypes (Zhao et al., 2018). In addition, YSJB regulates the levels of IL-6, IL-17A, IL-10, TGF-β1, Th17, Tregs and OCs in CIA rats. These factors and cells are important regulatory factors and effector cells in the JAK2/STAT3 pathway and mediate bone resorption. However, it has not been reported whether the mechanism by which YSJB can treat RA is associated with the JAK2/STAT3 signaling pathway. The present study used CIA rats with castration and obtained YSJB-containing serum. By blocking the JAK2/STAT3 signaling pathway, the mechanism by which YSJB regulates the JAK2/STAT3 signaling pathway to alleviate bone resorption was further explored based on an OC-Treg coculture system. This study provides a new experimental basis for the treatment of RA with YSJB.
METHODS
Animals
Female Sprague-Dawley (SD) rats (180–200 g) and male C57BL/6 mice (6 weeks old) were purchased from the National Institutes for Food and Drug Control [animal license number: SCXK (Beijing) 2014-0013]. All animals were housed in the Experimental Animal Center of the Institute of Clinical Medical Sciences, China-Japan Friendship Hospital (Experimental Animal Center license number: SCXK (Beijing) 2016-0043). All experiments received ethic approval by the Institute of Clinical Medical Sciences, China-Japan Friendship Hospital, Beijing, China and were conducted within ethical limits. The animals were maintained in a specific pathogen-free environment with a temperature of 23°C (±2°C) and were subjected to a 12 h light/dark cycle.
Preparation of Drug-Containing Sera
The 40 female rats were randomly divided into two groups according to weight. Then, 32 of the rats were anesthetized, and their ovaries were removed according to standard surgical procedures. The other 8 rats were treated as the control group, in which fat tissue near the ovaries on both sides were removed. Twenty-eight days after castration, the 32 castrated rats were immunized intradermally at the tail root with 100 µl of a fully emulsified mixture of bovine type II collagen (Chondrex, Redmond, United States) and isopycnic incomplete Freund’s adjuvant (IFA; Chondrex) and received booster injections in the same way on day 7 after the initial immunization. Meanwhile, control group rats underwent the same method of injection with an equal volume of saline water.
On the 14th day after immunization, rats that successfully developed arthritis were divided into three groups as follows: 1) castrated CIA, 2) castrated CIA plus methotrexate (MTX; Shanghai Sine Pharmaceutical, Shanghai, China) treatment, and 3) castrated CIA plus YSJB (Jiangsu Zhengda Qingjiang Pharmaceutical, Jiangsu, China) treatment. The rats in the MTX group and YSJB group were treated with MTX (1.02 mg/kg body weight) and YSJB (3.87 g/kg body weight), respectively, by gavage twice a day. Meanwhile, rats in the control group and CIA group received an equal volume of distilled water (10 ml/kg). Rats in each group were given the treatments for 3 days. One hour after the last dose, all rats were anesthetized. Blood samples were collected from the abdominal aorta and centrifuged to obtain serum (quality control data are shown in Supplementary Material S1 and Supplementary Material S2).
OC Isolation and Culture
OC progenitor cells (OPCs) were isolated and cultured as previously reported (Xu et al., 2016). The mice were sacrificed by cervical dislocation. Femurs and tibias were isolated, and the ends were trimmed. The bone marrow cavity was rinsed with alpha-modified Eagle’s medium (α-MEM; HyClone, Logan, United States), and bone marrow cells (BMCs) were collected by centrifuging the medium containing bone marrow. Subsequently, cells were cultured in α-MEM supplemented with 10% fetal bovine serum (FBS; PAN Biotech GmbH, Aidenbach, Germany), 1% penicillin-streptomycin (PS; Gibco BRL, Grand Island, NY, United States) and recombinant murine M-CSF (20 ng/ml; PeproTech, Rocky Hill, United States) after red blood cell (RBC) lysis buffer (Solarbio, Beijing, China) was used to deplete RBCs. Twenty-four hours later, nonadherent cells were collected and cultured in tissue culture plates at an appropriate density in α-MEM containing 10% FBS and M-CSF (20 ng/ml). Three days later, adherent cells were considered OPCs. To induce OPCs to differentiate into OCs, the cells were cultured for an additional 5 days in fresh differentiation α-MEM containing 10% FBS, 1% PS, M-CSF (20 ng/ml), and RANKL (50 ng/ml; PeproTech). Complete fresh differentiation medium was used every couple of days, and the concentration of each factor remained constant.
CD4+CD25+ Treg Purification and Culture
Suspensions of splenic cells were obtained by passing spleen tissue isolated from C57BL/6 mice through a 200-mesh metal mesh grid in RPMI-1640 (Gibco) medium, followed by filtration with a 70 mm cell strainer (BD Biosciences, San Jose, United States). Spleen cells were sorted using an EasySep™ Mouse CD4 Positive T Cell Pre-Enrichment Kit (STEMCELL Technologies, Vancouver, Canada) to obtain CD4+ T cells, and then negative selection was used to obtain CD4+CD25− Tregs using an EasySep® Mouse CD25 Positive Selection Kit (STEMCELL). CD4+CD25− Tregs were resuspended in differentiation RPMI-1640 medium containing 10% FBS, 1% PS, recombinant murine IL-2 (1,000 U/mL; PeproTech), TGF-β1 (10 ng/ml; PeproTech) and anti-CD28 (2 μg/ml; BD Biosciences) and cultured in a round-bottom 96-well plate with anti-murine CD3 (10 μg/ml; BD Biosciences) at a density of 5 × 105 cells/well (200 μl per well). Half of the differentiation medium was refreshed every couple of days and the concentration of each factor remained constant. CD4+CD25+ Tregs were successfully positively selected with an EasySep® Mouse CD25 Positive Selection Kit after 7 days and were used for subsequent experiments. We explored the method during the early stage. Flow cytometry was used to identify the phenotype of Tregs (Xu et al., 2016).
Coculture of OCs With CD4+CD25+ Tregs
Nonadherent BMCs were seeded in 24-well culture plates at a density of 5 × 105 cells/well. Three days later, Tregs (2 × 104) were added to each well. Cells were then maintained in differentiation α-MEM with a 1:25 ratio of Tregs: OPCs. Every 2 days, half of the medium was replaced with fresh differentiation α-MEM. The bottom was not touched when changing medium.
Groups and the Addition of Drug-Containing Serum
Each culture system was divided into four groups: DMSO, AG490, MOCK and siRNA. DMSO was used as a control for AG490, and MOCK was used as a control for siRNA. Each group was further divided into four subgroups as follows: 1) control, 2) CIA, 3) CIA+MTX, and 4) CIA+YSJB. OPCs and Tregs were cultured in the absence or presence of AG490 (MedChemExpress, New Jersey, United States) and siRNA (SyngenTech, Beijing, China). Twenty-four hours later, 10% drug-containing serum that had been previously obtained from rats was added to the differentiation medium.
The Cytotoxicity of AG490 Against OCs
The effect of AG490 on cell viability was measured using a CCK-8 assay. OPCs were cultured in 96-well plates at a density of 4 × 104 cells/well in differentiation α-MEM (20 ng/mL M-CSF, 50 ng/ml RANKL, 10% FBS, 1% PS) with AG490 (0, 2.5, 5, 10, 20, 50 μM). The concentration of each factor was kept constant when adding fresh medium. Five days later, fresh α-MEM containing 10% CCK-8 was used to replace the differentiation α-MEM. The absorbance was measured at a wavelength of 450 nm.
siRNA Interference
siRNA was purchased from SyngenTech. All sequences are shown in Supplementary Material S3. Cells were transfected with siRNA using a Lipofectamine® 3,000 transfection kit (Thermo Fisher Scientific, Waltham, United States) according to the manufacturer’s protocol. qRT-PCR was used to confirm the transfection efficiency.
Tartrate-Resistant Acid Phosphatase Staining
Nonadherent BMCs were seeded in 96-well culture plates at a density of 1 × 105 cells/well (200 μl per well). After the OPCs were cultured for 5 days, TRAP staining was performed according to the instructions of the TRAP staining kit (Sigma-Aldrich, Louis, United States) to assess osteoclastogenesis. OC formation was scored by the number of TRAP+ cells that contained 3 or more nuclei. OCs in the whole well were counted.
Bone Resorption Pit Formation Assay
Bone slices (Immunodiagnostic Systems Limited, Boldon, United Kingdom) were placed in 96-well culture plates containing nonadherent BMCs at a density of 4×105 cells/well (200 μL per well), incubated for 3 days and cultured with OPCs for 10 days. Then, the bone slices were fixed in 2.5% glutaraldehyde for 5 min and washed in 0.25 mol/L ammonium hydroxide for 10 min to remove the cells from the bone slices. The bone slices were sequentially dehydrated with 40, 75, 95, and 100% ethanol. After drying naturally, the bone slices were dyed with 1% toluidine blue (Sigma-Aldrich) at room temperature for 5 min. Using a Leica Qwin image analysis system (Leica Microsystem, Germany), the areas of the bone resorption pits were analyzed.
Enzyme-Linked Immunosorbent Assay
Culture supernatant was collected on day 5. According to the instructions of the ELISA kit (Diaclone, France), the levels of IL-10 and TGF-β1 were measured.
Quantitative Real-Time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). A PrimeScript RT reagent kit (TaKaRa, Tokyo, Japan) was used to reverse transcribe RNA into cDNA. The levels of mRNA were analyzed using SYBR Premix Ex Taq (TliRNaseH Plus; TaKaRa) in a Quant Studio 5 real-time PCR instrument (Thermo Fisher Scientific). The thermocycling conditions were as follows: incubation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 60°C for 34 s, then dissociation stage. The results were normalized to β-actin and calculated using the 2−ΔΔCt method. Primer sequences are shown in Supplementary Material S4.
Western Blot
Proteins of OCs and Tregs were harvested using RIPA Lysis Buffer (Beyotime Biotechnology, Shanghai, China) that was supplied with protease and phosphatase inhibitor cocktails (Beijing ComWin Biotech Co., Ltd. Beijing, China). The protein concentration was measured using bicinchoninic acid (BCA; Solarbio) protein assay. Then, the proteins were mixed with loading buffer and denatured in metal bath (100°C, 5 min). Following, the target proteins were divided via sodium dodecyl sulfate–polyacrylamide gel electrophoresis with constant voltage of 100 V and transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, United States) with constant current of 300 mA in 1 h. In order to eliminate nonspecific protein binding, membranes were blocked at room temperature for 2 h with 5% skim milk (BD Biosciences) in 1 × TBST (Beyotime). And then, membranes were incubated overnight at 4°C with primary antibodies followed: phosphorylated (p-) JAK2 (1:1,000), p-STAT3 (1:2000), JAK2 (1:1,000), STAT3 (1:1,000) (Cell Signaling Technology, MA, United States). Appropriate secondary antibodies were incubated for 2 h and protein bands were detected using eECL western blot kit (Beijing ComWin Biotech Co., Ltd.). Band densities were quantified using Image Lab 3.0 software (Bio-Rad Laboratories, CA, United States).
Statistical Analysis
Statistical analysis was carried out using SPSS 20.0 software. One-way analysis of variance (ANOVA) and Dunnett’s T3 test were used to determine significant differences. Nonparametric tests were used if the data were abnormally distributed. All data are expressed as the mean ± SEM. The significance level was set at p < 0.05.
RESULTS
Cytotoxicity of AG490 on OPCs
As we all know, OPCs can differentiate into OCs under the stimulation of M-CSF and RANKL (Xu et al., 2016). That’s how we get OCs in this study. Since a paucity of evidence has been found on the toxicity of AG490 in OPCs, we first determined the dose with CCK-8 assays and TRAP staining. OPCs might have differentiated into OCs during CCK-8 assay, so the experiment reflected the effect of AG490 on the viability of overall cells, including OPCs and OCs. The results showed that the absorbance decreased with increasing AG490 concentrations. AG490 had almost no effect on the viability of cells at doses ranging from 2.5 to 10 μM (Figure 1A), which indicated that AG490 was not cytotoxic to cells (OPCs and OCs) at concentrations below 10 μM. Moreover, when the concentration of AG490 was greater than 5 μM, the number of TRAP+ cells decreased significantly (Figures 1B,C). The TRAP staining revealed a situation how many OPCs differentiated into OCs. It suggested that AG490 could inhibit the differentiation of OPCs into OCs at concentrations greater than 5 μM. Based on these results, 10 μM AG490 was used for subsequent experiments.
[image: Figure 1]FIGURE 1 | Effect of AG490 on cells viability and osteoclastogenesis in the OC single culture system. (A) Cells (OPCs and OCs) viability was assessed by CCK-8 assays after treatment with AG490 (0, 2.5, 5, 10, 20, or 50 μM). (B,C) TRAP staining in OCs after treatment with AG490 (0, 2.5, 5 or 10 μM). Scale bars = 100 µm. The data are shown as the mean ± SEM (n ≥ 2). #p < 0.05, ##p < 0.01 compared with the control group.
YSJB Blocked the JAK2/STAT3 Signaling Pathway in Tregs and OCs
To determine the regulatory effect of YSJB on OCs differentiation whether via the JAK2/STAT3 pathway, we performed loss-of-function studies in OPCs. OPCs were treated with JAK2 siRNA (#1, #2, and #3) to decrease JAK2 expression. JAK2 mRNA levels were significantly reduced after gene knockdown (Figure 2A). JAK2 siRNA #3 showed the highest knockdown efficiency and was used in subsequent experiments.
[image: Figure 2]FIGURE 2 | Effect of YSJB and JAK2 siRNA on the JAK2/STAT3 signaling pathway. (A) Confirmation of JAK2 knockdown in OCs. (B) The relative mRNA levels of JAK2 in OCs. (C) The relative mRNA levels of STAT3 in OCs. (D) Representative bands of JAK2, p-JAK2, STAT3, and p-STAT3 protein detected by western blot assay in OCs. (E) Protein expression levels of p-JAK2/JAK2 and p-STAT3/STAT3 in OCs. (F) The relative mRNA levels of JAK2 in Tregs. (G) The relative mRNA levels of STAT3 in Tregs. (H) Representative bands of JAK2, p-JAK2, STAT3, and p-STAT3 protein detected by western blot assay in Tregs. (I) Protein expression levels of p-JAK2/JAK2 and p-STAT3/STAT3 in Tregs. Cells were treated with drug-containing serum and JAK2 siRNA. #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group.
The mRNA levels of JAK2 and STAT3 as well as the protein levels of p-JAK2/JAK2 and p-STAT3/STAT3 were measured in single culture systems of OC and Treg respectively (Figures 2B–I), following intervention with YSJB and other reagents. The results showed that the mRNA levels of JAK2 and STAT3 in the CIA group were significantly increased compared with control group in OCs and Tregs. These results suggested that CIA-containing serum promoted the activation of JAK2/STAT3 signaling pathway in OCs and Tregs. However, after treatment with MTX or YSJB, their expression levels were reduced compared with those in the CIA group (Figures 2B,C and Figures 2F,G). Western blot assay showed similar trends in protein expressions of JAK2, STAT3 in OCs and Tregs after treatment with JAK2 siRNA and YSJB (Figures 2D,H). As we all know that, JAK2/STAT3 signaling pathway plays the role mainly by phosphorylation, so the levels of p-JAK2/JAK2 and p-STAT3/STAT3 were used to illustrate the degree of JAK2/STAT3 signal pathway activation. The levels of p-JAK2/JAK2, p-STAT3/STAT3 were significantly higher in the CIA group compared with the control group. In contrast, the relative expression levels of p-JAK2/JAK2, p-STAT3/STAT3 were significantly lower in the MTX and YSJB groups compared with the CIA group. JAK2 siRNA treatments resulted in significantly lower protein levels of p-JAK2, JAK2, p-STAT3, and STAT3 compared with the Mock groups. Furthermore, after treated with the JAK2 siRNA, the relative expression levels of P-JAK2/JAK2 and P-STAT3/STAT3 in CIA group did not increase as much as treated with the Mock, and additional YSJB treatment didn’t exert strong inhibitory effect on p-JAK2/JAK2, p-STAT3/STAT3 as before (Figures 2E–I). These results illustrated that YSJB could block the JAK2/STAT3 signaling pathway in both Tregs and OCs, indicating the role of JAK2/STAT3 pathway in the protection of YSJB regulate bone immune microenvironment.
YSJB Inhibited Osteoclastogenesis, Perhaps Through JAK2/STAT3 Signaling Pathway
In order to explore the effect of JAK2/STAT3 signaling pathway on OC differentiation, AG490 or JAK2 siRNA was used in the process of inducing OPCs differentiation into OC. Osteoclastogenesis was evaluated by TRAP staining (Figure 3A and Figure 4A). Interestingly, the number of TRAP+ cells was significantly downregulated after treatment with AG490 or JAK2 siRNA in both the OC single culture system and the coculture system. These results suggested that blocking or knocking down JAK2 could inhibit osteoclastogenesis. As shown in Figures 3B,C and Figures 4B,C, the number of TRAP+ cells in the CIA group was significantly increased compared with that in the control group in the absence or presence of AG490 and JAK2 siRNA. Compared with that in the CIA group, the number of TRAP+ cells in the MTX group and YSJB group decreased. These results suggested that CIA-containing serum promoted osteoclastogenesis, while YSJB and MTX could inhibit the osteoclastogenesis. The combination of YSJB and AG490/JAK2 siRNA did not enhance the inhibitory effect of YSJB on OC differentiation. It might suggest that YSJB could inhibit the differentiation of OCs through CIA-induced JAK pathway. In addition, we found that the number of TRAP+ cells was lower in the coculture systems than in the single OC culture system (Figures 4D–G). The results showed that Tregs increased suppression of YSJB in OC formation. This might be related to the fact that YSJB inhibited JAK2/STAT3 signaling pathway in OCs and Tregs.
[image: Figure 3]FIGURE 3 | Effect of YSJB, AG490 and JAK2 siRNA on osteoclastogenesis in the OC single culture system. (A) Images of TRAP staining in OPCs treated with drug-containing serum (Control, CIA, CIA + MTX, CIA + YSJB), AG490 and JAK2 siRNA. Scale bar = 100 μm. (B,C) The number of TRAP+ cells. The data are shown as the mean ± SEM (n ≥ 2). #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05; **p < 0.01 compared with the CIA group.
[image: Figure 4]FIGURE 4 | Effect of YSJB, AG490 and JAK2 siRNA on osteoclastogenesis in the OC-Treg coculture system (25:1). (A) Images of TRAP staining in the coculture system after treatment with drug-containing serum (Control, CIA, CIA + MTX, CIA + YSJB), AG490 and JAK2 siRNA. Scale bar = 100 μm. (B,C) The number of TRAP+ cells in the coculture system treated as described in (A). (D–G) The number of TRAP+ OCs after the addition of Tregs. The data are shown as the mean ± SEM (n ≥ 2). #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group.
YSJB Inhibited OC-Mediated Bone Resorption, Perhaps Through JAK2/STAT3 Signaling Pathway
After OPCs were cultured for 10 days, the bone slices were stained with toluidine blue. The absorbed surfaces of the bone slices were measured in each group to elucidate the effect of YSJB on bone resorption (Figure 5A and Figure 6A). Consistent with the TRAP staining results, the adsorbed surface was smaller in the presence of AG490 and JAK2 siRNA than in the absence of these factors. It suggested that blocking JAK2/STAT3 signaling pathway could inhibit bone resorption. In addition, in the absence or presence of AG490 and JAK2 siRNA, bone resorption was obviously increased in the CIA group compared with the control group. In the presence of MTX or YSJB, the areas of bone lacunae were significantly reduced. The results illustrated that MTX and YSJB inhibited bone resorption. (Figures 5B,C and Figures 6B,C). Moreover, the presence of Tregs also reduced bone resorption (Figures 6D–G). Perhaps, these due to the inhibitory effect of YSJB on JAK2/STAT3 signaling pathway.
[image: Figure 5]FIGURE 5 | Effect of YSJB, AG490 and JAK2 siRNA on bone resorption in the OC single culture system. (A) Images of bone resorption pits. Scale bar = 100 μm. (B,C) The areas of the bone resorption pits were measured by the image analysis program. The data are shown as the mean ± SEM (n ≥ 2). #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group.
[image: Figure 6]FIGURE 6 | Effect of YSJB, AG490 and JAK2 siRNA on bone resorption in the coculture system. (A) Images of bone resorption pits. Scale bar = 100 μm. (B,C) The areas of the bone resorption pits were measured by the image analysis program. (D–G) The areas of the bone resorption pits after the addition of Tregs. The data are shown as the mean ± SEM (n ≥ 2). #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group; ^p < 0.05, ^ ^p < 0.01 compared with the CIA+MTX group.
Blocking the JAK2/STAT3 Signaling Pathway Downregulated RANK, NFATc1, and C-fos mRNA Levels in OCs
As shown previously, OC differentiation and bone resorption were significantly inhibited in the groups with low JAK2 expression. As specific genes associated with OC differentiation, RANK, NFATc1 and c-fos reflect the activity of OCs. To investigate the molecular mechanism by which YSJB, AG490 and JAK2 siRNA regulate the activity of OCs, the mRNA levels of RANK, NFATc1 and c-fos in the OC single culture system and coculture system were measured. We showed that YSJB and MTX significantly suppressed the mRNA expression of RANK, NFATc1 and c-fos both in OC single cultures and in the coculture system compared with those in the CIA group. JAK2 inhibitors and JAK2 knockdown inhibited the expression of these three genes (Figures 7A–L). Collectively, we demonstrated that YSJB restrained the JAK2/STAT3 signaling pathway to inhibit the expression of certain genes associated with OC differentiation.
[image: Figure 7]FIGURE 7 | YSJB, AG490 and JAK2 siRNA decreased the mRNA levels of RANK, NFATc1, and c-fos, which were associated with the differentiation and maturation of OCs. (A–F) The mRNA levels of RANK, NFATc1, and c-fos in the OC single culture system. (G–L) The mRNA levels of RANK, NFATc1, and c-fos in the coculture system. Cells were treated with drug-containing serum, AG490 or JAK2 siRNA. #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group; ^p < 0.05, ^ ^p < 0.01 compared with the CIA+MTX group.
Blocking the JAK2/STAT3 Signaling Pathway Promoted Treg Secretion of IL-10
In previous studies, we demonstrated that IL-10 and TGF-β1 secreted by Tregs inhibited osteoclastogenesis (Xu et al., 2016). In this study, the expression levels of IL-10 and TGF-β1 were measured in a Treg single culture system. As shown in Figures 8A,B, Figurse 8E,F, IL-10 was expressed at low levels in the CIA group compared with the control group. MTX and YSJB reversed this reduction. However, there was no marked difference in TGF-β1 (Figures 8C,D, Figures 8G,H). Consistent with these results, we also showed that AG490 or JAK2 siRNA promoted IL-10 expression (Figures 8A,B, Figures 8E,F). These results indicated that blocking the JAK2/STAT3 signaling pathway upregulated the expression of IL-10. Perhaps the Treg-mediated reduction in the differentiation and bone resorption of OCs is associated with this signaling pathway.
[image: Figure 8]FIGURE 8 | YSJB, AG490 and JAK2 siRNA promoted the secretion of IL-10 by Tregs. The mRNA levels of IL-10 and TGF-β1 were measured by qRT-PCR (A–D) and ELISA (E–H) in Tregs treated with drug-containing serum, AG490 or JAK2 siRNA. #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the CIA group.
DISCUSSION
RA is a common autoimmune disease that leads to joint malformation and even loss of joint function. Under normal circumstances, osteoblasts (OBs) and OCs interact to maintain bone homeostasis. However, OCs are overactivated in RA, shifting bone homeostasis toward bone resorption. Therefore, inhibiting OC differentiation in RA patients is of great importance in the treatment of RA. In addition, it has been reported that the immune system interacts with bone tissue (Walsh et al., 2018).
T cells are crucial in regulating the pathogenesis and progression of RA, especially in the initial stage of the autoimmune response and during local inflammatory responses in the joints (Sakaguchi et al., 2003; Komatsu and Takayanagi, 2012; Zerbini et al., 2017). T cells can differentiate into CD8+ T cells and CD4+ T cells. The latter can differentiate into Th17, Tregs and other subtypes (Srivastava et al., 2018). Both Th17 cells and Tregs are involved in regulating OC differentiation and jointly maintain bone homeostasis. Th17 cells regulate bone mass in two main ways. On the one hand, RANKL is highly expressed in Th17 cells. RANKL binds to RANK on the surface of OPCs to promote OC generation. On the other hand, Th17 cells secrete IL-17, which directly enhances RANKL expression in OBs and synovial fibroblasts, thereby promoting the formation of OCs (Ono and Takayanagi, 2017). The RANKL-RANK signaling pathway is known to be important for OC development. RANKL can be expressed on the surface of stromal cells, OBs and T cells. The binding of RANKL and RANK activates the NF-κB signaling pathway, affecting the function of the immune system and adjusting bone remodeling (Theill et al., 2002; Hanada et al., 2011; Liu and Zhang, 2015). In contrast to Th17 cells, Tregs inhibit the production of OCs by blocking RANKL production. A study showed that the binding of Tregs expressing cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) with CD80/CD86 on the surface of OPCs induces OPC apoptosis (Fischer et al., 2019). Moreover, Tregs can also secrete cytokines with immunosuppressive activity, such as IL-10, which inhibits the differentiation and maturation of OCs by upregulating the secretion of osteoprotegerin (OPG) and downregulating the expression of RANKL (Taylor et al., 2006; Dar et al., 2018). YSJB is a frequently used Chinese medicine for the clinical treatment of RA. Studies have shown that YSJB has a regulatory effect on the immune system. We established a method in which OCs were cultured with Tregs to explore the relationship between bone and the immune system in RA (Xu et al., 2016). In the current study, we used this method to evaluate the efficacy and mechanism of YSJB.
In this study, the number of TRAP+ cells and the areas of bone lacunae were elevated in the CIA group. YSJB or MTX significantly diminished these two indicators compared with those in the CIA group. MTX is an anchor drug for RA treatment. Studies have shown that MTX inhibits osteoclastogenesis and inflammation (Ponchel et al., 2014; Kanagawa et al., 2016). Therefore, MTX was used as a positive control drug to explore the therapeutic effect of YSJB. The results showed that MTX and YSJB had similar effects on inhibiting OC differentiation and bone resorption. Moreover, YSJB or MTX inhibited the expression of RANK, NFATc1, and c-fos in OCs and promoted the expression of IL-10 in Tregs. However, YSJB was not as effective in inhibiting RANK as MTX.
Here, we found that the expression of JAK2 and STAT3 was increased in the CIA group, suggesting that the JAK2/STAT3 signaling pathway accelerates osteoclastogenesis. The JAK/STAT pathway, particularly when activated by IL-6/gp130 (Bellido et al., 1997), has been shown to play a role in adjusting osteoclastogenesis (Park et al., 2014; Adam et al., 2020; Sims, 2020). It has been reported that IL-6 can not only stimulate OPCs to transform into OCs but also induce osteoclastogenesis by increasing the expression of RANKL in OBs (Tamura et al., 1993). Currently, some JAK inhibitors have been used to treat RA, such as tofacitinib and baricitinib (Mease et al., 2017; Taylor et al., 2017). Studies have shown that AG490 inhibits the expression of RANK, NFATc1 and TRAP in OCs (Li et al., 2013; Park et al., 2014), which is consistent with our results. In addition, our results suggested that YSJB or MTX could interfere with the expression of JAK2 and STAT3 compared with that in the CIA group, reducing OC differentiation and function. However, in OCs, the expression of STAT3 in the YSJB group showed a downward trend after transfection with JAK2 siRNA, but the effect was not significant, perhaps due to the limited sample size. At the molecular level, blocking the JAK2/STAT3 signaling pathway decreased the expression of critical genes associated with OC formation, including RANK, NFATc1 and c-fos, but increased the secretion of IL-10 by Tregs.
In summary, our findings demonstrate that YSJB directly regulates the JAK2/STAT3 signaling pathway in OCs and downregulates the expression of RANK, NFATc1 and c-fos in OCs, thereby inhibiting OC differentiation and bone loss. Moreover, YSJB regulates the JAK2/STAT3 signaling pathway in Tregs and upregulates the expression of IL-10. YSJB enhances the immunosuppressive function of Tregs and indirectly inhibits OC differentiation and bone loss (Figure 9).
[image: Figure 9]FIGURE 9 | Mechanism of YSJB regulates the bone immune microenvironment. YSJB directly regulates the JAK2/STAT3 signaling pathway in OCs, thereby inhibiting OC differentiation and bone loss. Moreover, YSJB regulates the JAK2/STAT3 signaling pathway in Tregs and upregulates the expression of IL-10. YSJB enhances the immunosuppressive function of Tregs and indirectly inhibits OC differentiation and bone loss.
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Puerarin has been reported as a potential agent for neuro-inflammatory disorders. However, there have been no reports of using puerarin for the treatment of depression based on Toll-like receptor 4 (TLR4)–mediated inflammatory injury. In this study, we evaluated the protective effects of puerarin on depression-like rats induced by a high-fat diet (HFD) combined with chronic unpredictable mild stress (CUMS). The mechanism was screened by lipidomics and molecular docking and confirmed by in vivo tests. Puerarin treatment significantly improved 1% sucrose preference and ameliorated depression-like behavior in the open-field test. The antidepressive effects of puerarin were associated with decreased pro-inflammatory cytokine production, including interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), and increased anti-inflammatory cytokine levels (IL-10) in rat hippocampal tissues and plasma. Hematoxylin–eosin (H&E), immunofluorescence staining, and Western blotting results displayed that puerarin alleviated inflammatory injury by suppressing TLR4 expression and by repairing the intestine mucus barrier via enhancing the expression of claudin-1 and occludin. Non-targeted lipidomics analysis showed that the most significantly different metabolites modified by puerarin were phospholipids. Puerarin treatment–altered biomarkers were identified as PC (15:1/20:1), PE (15:1/16:1), and PI (18:2/20:1) in comparison with the HFD/CUMS group. Molecular docking modeling revealed that puerarin could bind with cytosolic phospholipase A2 (cPLA2) and cyclooxygenase-2 (COX-2), which play central roles in TLR4-mediated phospholipid metabolism. In vivo, puerarin treatment decreased the enzyme activities of cPLA2 and COX-2, resulting in lower production of prostaglandin E2 (PGE2) in hippocampal and intestinal tissues. In conclusion, puerarin treatment reverses HFD/CUMS-induced depression-like behavior by inhibiting TLR4-mediated intestine mucus barrier dysfunction and neuro-inflammatory damages via the TLR4/cPLA2/COX-2 pathway.
Keywords: puerarin, depression, Toll-like receptor 4, inflammation, cytosolic phospholipases A2, cyclooxygenase 2
INTRODUCTION
Depression is characterized by long-term depressed mood and loss of interest and pleasure. The phenotype and course of a depressive episode is singular, recurring, or chronic (Gururajan et al., 2019). Thus, depression is highly heterogeneous. Currently, the proportion of the global population suffering from major depression has increased to more than 300 million people (World Health, 2017). In addition to the extraordinary economic burden, the tragedy of suicide contributes to the high mortality of this disorder. Moreover, a major depression-induced reduction in lifespan is due to the significant increase in vulnerability to major medical disorders, such as stroke, diabetes, cancer, and cardiovascular disease (Beurel et al., 2020). Several hypotheses have been developed for the pathologic process of depressive disorder, including the monoamine hypothesis (Hirschfeld, 2000), glutamate hypothesis (Sanacora et al., 2012), and hypothalamic–pituitary–adrenocortical (HPA) axis hypothesis (Holsboer, 2000). A reflection of the 20-year studies indicates that increased inflammation and hyperactivity of the HPA axis are two of the most consistent biological findings in major depression (Pariante, 2017). However, the underlying pathological mechanism is still elusive.
Inflammation plays a vital role in the pathophysiology of depression. In comparison with healthy controls, patients with major depression have higher concentrations of inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and C-reactive protein (CRP), while lower IL-10 concentration in blood (Euteneuer et al., 2017; Felger et al., 2020). Pro-inflammatory cytokines may be produced in the brain or may enter the brain from the periphery through 1) active transport; 2) “leaky” area across the blood–brain barrier (BBB); and 3) the afferent vagal pathway or activated monocytes, generating second messenger signals to activate glial cells to overproduce cytokines. Abnormally heightened cytokines change the brain structure and function by affecting neurotransmission, HPA axis, hippocampal neurogenesis, etc. (Kempuraj et al., 2017; Cervellati et al., 2020). Moreover, cytokines may dysregulate the levels of serotonin transporter proteins, tryptophan 2,3-dioxygenase (TDO), indoleamine 2,3-dioxygenase (IDO), and endogenous metabolites (Kindler et al., 2020). Toll-like receptors, the innate immune response pattern recognition receptors, have been described along with pro-inflammatory signaling pathways. TLR4 predominantly recognizes lipopolysaccharides (LPS) from Gram-negative bacteria. Changes of TLR4 signaling pathways were found in the peripheral circulation system or the central nervous system (CNS) of patients with major depression and depression-like animal models (Hung et al., 2016; Rahimifard et al., 2017; Fu et al., 2019). Most important is that TLR4 is an independent risk factor related to the severity of depression (Wu et al., 2015). In addition to neuroimmune and neuroendocrine systems, upregulated TLR4 signaling in blood was associated with leakage of damage-related molecular patterns through the gut (Hung et al., 2016). Thus, the link between TLR4 and symptoms of depression should be further investigated, and TLR4 may be a potential therapeutic target for the development of antidepressants.
In chronic stress–induced depressive mice, hippocampal damages are triggered by activating TLR4, glycogen synthase kinase-3 (GSK3), phosphatidylinositol-3/protein kinase B (PI3K/AKT), and downstream inflammatory signal transmission (Cheng et al., 2016). Mice suffering from chronic stress are more likely to show depression-like behavioral phenotypes, and TLR4 knockout can reduce chronic stress–induced cytokine levels in the mice hippocampus (Cheng et al., 2016). In addition, chronic stress–induced animals show heightened intestinal permeability by activating the TLR4-related signal transduction pathways (Gárate et al., 2013; Guo et al., 2019). TLR4 is a key molecule that regulates dietary nutrition, intestinal flora, and metabolic inflammation. A long-term high-fat diet (HFD) damages the intestinal permeability and increases the content of toxins, such as LPS, in intestinal tissues (Velloso et al., 2015). LPS activates immune cells by binding to the CD14–TLR4 complex, leading to the transcription of nuclear factor-κB (NF-κB) to generate large amounts of TNF-α, IL-6, and oxygenase-2 (COX-2) and induce the inflammation cascade (Yiu et al., 2017). Accordingly, both HFD and chronic stress induce the activation of TLR4 in the intestine and central nervous system, resulting in the over-production of cytokines. TLR4-mediated inflammation may be an important node in the molecular network of diseases induced by an HFD and chronic stress.
Chronic unpredictable mild stress (CUMS) simulates the social stress, and an HFD mimics the fast food diet. CUMS and HFD are two of the main factors that induce depression as well as its comorbidities. However, there are no studies which focus on the treatment of depression based on the TLR4-mediated inflammatory damages in HFD/CUMS-induced depression-like animal models. Puerarin (7,4′-dihydroxyisoflavone-8β-glucopyranoside, Figure 1A) is the major secondary metabolite obtained from the roots of Pueraria lobata (Willd.) Ohwi. Traditionally, it is used for the treatment of splenasthenic diarrhea. Recent studies demonstrated that puerarin exerts a wide-spectrum pharmacological effect, such as anti-inflammation, antioxidation, calcium antagonization, reducing blood viscosity, and improving learning and memory in coronary heart disease, diabetes, and neurodegenerative diseases (Zhou et al., 2014; Qiu et al., 2017; Cai et al., 2018; Liu et al., 2019). The signal pathways regulated by puerarin involve TLR4/p38/MAPK, TLR4/NF-κB, PI3K/AKT, cyclic adenosine monophosphate (cAMP), transforming growth factor (TGF)-β1, and GSK-3β/Nrf2 (Ji et al., 2016; Hou et al., 2018; Jeon et al., 2020). Puerarin has been described to treat depression-like animals induced by chronic stress and ovariectomy (Zhao et al., 2017; Tantipongpiradet et al., 2019); however, there is no report on the study of puerarin regulating HFD/CUMS-induced depression. Therefore, the current study aims to evaluate the protective effect of puerarin on HFD/CUMS-induced depressive rats and clarify the molecular mechanisms based on the TLR4-mediated inflammatory responses.
[image: Figure 1]FIGURE 1 | Structure of puerarin (A) and a schematic diagram of the HFD/CUMS procedure, drug administration, and behavioral evaluation (B).
MATERIALS AND METHODS
Materials
Puerarin (>98%) was purchased from Jiangsu Yongjian Pharmaceutical Technology Co., Ltd. (Jiangsu, China); fluoxetine hydrochloride (Prozac) was purchased from Eli Lilly and Company; simvastatin was obtained from Dalian Meilun Biotech Co., Ltd. (Dalian, China); rat ELISA kits of IL-6 and TNF-α were purchased from PeproTech (Rocky Hill, United States); the IL-10 rat ELISA kit was purchased from eBioscience (San Diego, United States); the BCA Protein Assay Kit was purchased from Pierce (Rochford,United States); Goat Anti-Mouse IgG H&L (Alexa Fluor® 647) antibodies were purchased from Abcam (Cambridge, MA); anti-TLR4, anti–claudin-1, anti-occludin, anti–β-actin, and HRP-conjugated Goat Anti-Rabbit IgG antibodies were purchased from Servicebio (Wuhan, China); the UNIQ-10 column TRIzol total RNA extraction kit was obtained from Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). The FastStart Universal SYBR Green Master (ROX) kit was purchased from Roche (Mannheim, Germany); the calcium-dependent cytosolic phospholipases A2 (cPLA2) assay kit and prostaglandin E2 (PGE2) Express EIA Monoclonal Kit were purchased from Cayman Chemical (Minneapolis, United States). The COX-2 inhibitor screening kit was obtained from Beyotime Biotechnology (Shanghai, China).
Male Sprague–Dawley (SD) rats (160–180 g) and a high-fat diet containing 4.6 kcal/g (49% fat, 20% protein, and 31% carbohydrate) were purchased from Qingdao Daren Fucheng Animal Husbandry Co., Ltd. [SCXK: (Lu) 2019 0003, Qingdao, China]. The rats were housed in a ventilated, temperature-controlled (22–24°C), and standardized sterile animal room at Jining Medical University. All of the rats were adapted for 1 week with free access to food and water. All animal experiments in the present study were performed according to the National Institutes of Health guidelines for animal care and approved by the Ethics Committee of Jining Medical University (Approval No. 2019-YX-04).
HFD/CUMS Procedure and Drug Administration
The rats were randomly divided into 10 groups with 10 rats per group, including 1) the normal control group, 2) HFD group, 3) CUMS group, 4) HFD/CUMS group, 5) HFD/CUMS + fluoxetine (10 mg/kg) group, 6) HFD/CUMS + simvastatin (10 mg/kg) group, 7) HFD/CUMS + fluoxetine + simvastatin group, (8–10) HFD/CUMS + puerarin (30, 60, and 120 mg/kg) groups. As shown in Figure 1B, the rats received a HFD except those which were fed with a normal diet in the control and CUMS groups for 11 weeks. All rats received 1% (w/v) sugar water training since the third day of the seventh week for 4 days: two bottles of 1% sucrose per cage for 24 h; one bottle of water and one bottle of 1% sugar water for another 24 h; and two bottles of water for another two days. Since the eighth week, the rats in the CUMS and HFD/CUMS groups were exposed to one random stressor between 9:00 and 11:00 a.m. per day for 4 weeks. The stressors included noises for 3 h (60 dB), tail clamp for 2 min, swimming in cold water (10°C) for 5 min, inversion of light/dark cycle for 24 h, food deprivation for 24 h, water deprivation for 24 h, and level shaking for 5 min (1 time/s). Since the 11th week, the rats in various groups were given sterile 0.9% saline, fluoxetine, simvastatin, fluoxetine + simvastatin, puerarin (30, 60, or 120 mg/kg), respectively, once per day for 7 days. Fluoxetine, simvastatin, and puerarin were dissolved in sterile 0.9% saline solution and stored at 4°C for up to 24 h.
Open-Field Test, Body Weight Test, and Sucrose Consumption Test
The open-field test was used to explore the behavior of rats. The open-field apparatus was a 100 × 100 × 40 cm black box equipped with a video tracking system (Ethovision, Netherlands). Each rat was placed into the center of the box and was observed for 6 min. The rearing numbers, time resting, time activity, and total distance traveled during the last 4 min were recorded and statistically analyzed.
The body weight of all rats was recorded at days 0, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, and 77. The 1% sucrose preference test was carried out at days 50, 57, 64, 71, and 78 to evaluate the anhedonic-like state of rats (Pothion et al., 2004). Before the test, all of the rats were deprived of food and water for 24 h and then fed with one bottle of water and one bottle of 1% sucrose solution for 1 h (8:00–9:00 a.m.). Water and sucrose solution consumption was obtained by weighing the bottles before and after the test. The sucrose preference rate was calculated according to the following formula:
[image: image]
Detection of Inflammatory Cytokines
After the behavior test, blood of anesthetized rats was collected into heparinized anticoagulant tubes and centrifuged at 3,000 rpm for 10 min. Plasma was then obtained and stored at −20°C until use. Simultaneously, the hippocampal tissues of rats were quickly harvested, frozen in lipid nitrogen immediately, and stored at −80°C. The levels of IL-6, TNF-α, and IL-10 in plasma and hippocampal tissues were detected by commercial ELISA kits, according to the manufacturer’s instructions. The results of hippocampal tissues were corrected as picogram per milligram protein.
Histological Analysis of Small Intestines
After anesthetization, the rats were killed, and 2 cm of small intestines was dissected and fixed in 10% formalin solution for hematoxylin and eosin (H&E) staining. The histological and pathological changes of each slice were observed by using an optical microscope at a magnification of 100 ✕.
Western Blotting Analyses
The small intestines and hippocampal tissues (∼50 mg) were quickly harvested, frozen in liquid nitrogen immediately, and stored at −80°C. The protein expression of TLR4, claudin-1, and occludin was determined by Western blotting. Small intestines and hippocampal tissues were homogenized using lysis buffer at a ratio of 1:5 (mg/μl) and quantified by the BCA protein assay kit (Thermo, United States). Samples containing an equal amount of the protein (40 μg) were subjected to 10% SDS-PAGE electrophoresis and blotted on the PVDF membrane. After blocking with 5% bovine serum albumin (BSA) in phosphate-buffered saline-Tween 20 (PBST) for 2 h at room temperature, the PVDF membrane was incubated with respective primary antibodies at 4°C overnight. The dilution of anti-TLR4, anti–claudin-1, anti-occludin, and anti–β-actin antibody was 1:1000, 1:500, 1:1000, and 1:1500, respectively. After washing with PBST, the membrane was incubated with horseradish peroxidase–conjugated secondary antibody (1:3000) for 2 h at room temperature. Then, the membranes were washed five times using PBST and incubated with the ECL substrate. Finally, the membrane was scanned into a computer, and densitometry was quantified using ImageJ software.
Real-time RT-PCR Analysis for mRNA Expression
Total RNA of hippocampal tissues was extracted using the Sangon UNIQ-10 column TRIzol total RNA extraction kit and reverse-transcribed using the ImProm-II Reverse Transcription System cDNA synthesis kit, according to the manufacturer’s instructions. Primer sequences used for TLR4, occludin-1, claudin, and β-actin are shown in Table 1. The real-time RT-PCR reactions were performed using the SYBR Green system on an ABI 7500 PCR System (Thermo Fisher, MA, United States). MRNA expression was normalized to β-actin mRNA levels. Relative expression was determined relative to the normal control using the 2−∆∆CT method (Livak and Schmittgen, 2001).
TABLE 1 | Real-time RT-PCR oligonucleotide primers.
[image: Table 1]TLR4 Immunofluorescence Staining
After dissection, the rat brain tissues were immediately fixed in 10% (v/v) neutral formalin solution. Then, the tissues were embedded in paraffin and cut to 5 μm thick. The slides were deparaffinized and rehydrated before immunofluorescence staining using the anti-TLR4 antibody overnight at 4°C. After washing with phosphate-buffered saline (PBS, ph = 7.4), TLR4-positive cell detection was enhanced by using a Goat Anti-Mouse IgG H&L (Alexa Fluor® 647) antibody (Abcam, Cambridge, MA) in the dark. Moreover, the nuclei were stained with 4′,6′-diamidino-2-phenylindole (DAPI, 2 μg/ml). The stained slides were observed on a CRI fluorescence imaging system (Maestro2, CRI, United States) and analyzed using ImageJ software.
Non-Targeted Lipidomic Analysis and Data Processing
Rat hippocampal tissues (∼80 mg) were transferred into 2-ml centrifuge tubes. A total of 600 μl chloroform methanol mixed solution (2:1, precooled at −20°C) was added and vortexed for 30 s. After transferring the samples to ice for 40 min, 190 μl H2O was added and vortexed for 30 s. After transferring the samples on ice for 10 min, the supernatant was centrifuged at 12,000 rpm for 5 min at room temperature. Then, ∼300 μl of the lower layer was transferred into a new contribute tube. This cycle was repeated once, and the samples were concentrated and dried in vacuum. Finally, the samples were dissolved with 200 μl isopropanol, and the supernatant was filtered through a 0.22-μm membrane to obtain the prepared samples for LC-MS.
Separation and chromatography of the samples on an Agilent 1290 infinity series UHPLC (Agilent Corporation, CA, United States) coupled to a Triple TOF® 6600 mass spectrometer system (AB SCIEX, United States)were performed. In brief, chromatographic separation was performed on a Phenomenex Kinetex C18 column (100 × 2.1 mm, 1.7 μm) maintained at 55°C. The temperature of the autosampler was 8°C. Gradient elution of the analytes was carried out with acetonitrile: water = 40:60 (10 mM ammonium formate) (A) and isopropanol: acetonitrile = 90:10 (10 mM ammonium formate) (B) at a flow rate of 0.30 ml/min. The injection volume was 2 μl in the positive mode and 6 μl in the negative mode. An increasing linear gradient of solvent B (v/v) was used as follows: 0–1.5 min, 40% B; 1.5–10.5 min, 40–85% B; 10.5–14 min, 85% B; 14–14.1 min, 85–100% B; 14.1–15 min, 100% B; 15–15.2 min, 100%–40% B; and 15.2–18 min, 40% B.
The mass spectrometry parameters were used as follows: ion source gas 1 (GS1), 60 psi; ion source gas 2 (GS2), 60 psi; curtain gas (CUR), 30 psi; temperature, 600°C; and ion spray voltage floating (ISVF), 5,000 V or −4,500 V in positive or negative modes; declustering potential (DP) 100 V. The data-dependent acquisition (DDA) method was used for MS/MS acquisition. Each acquisition cycle consists of one rapid TOF MS survey scan (200 ms) followed by the consecutive acquisition of 11 product ion scans (50 ms each). For the TOF MS survey scan, the mass range is from 200 to 2,000 Da, and collision energy (CE) is set as 10 V. For the product ion scan, the mass ranges are from 100 to 2,000 Da, and collision energy (CE) is set as 45 ± 25 V. Dynamic background subtraction was applied. Dynamic exclusion was implemented to remove some unnecessary information in the MS/MS spectra.
LipidView software (v4.2) was used to annotate the obtained raw data and then peak identification, filtration, and alignment were performed. The data were normalized by MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). Principal component analysis (PCA) and partial least square analysis (PLS-DA) were carried out. Differentially altered lipid metabolites were screened based on variable importance in projection (VIP) values. Metabolites with VIP >1 and p (corr) < 0.05 were further evaluated with an independent sample t-test. Moreover, the false discovery rate (FDR) was also used to evaluate the significance of differences in each metabolite. An FDR less than 0.05 was considered as significant.
Molecular Docking Simulations
The binding ability and binding mode of puerarin to cPLA2 and COX-2 were investigated through molecular docking studies. The crystallography structure of cPLA2 [PDB ID: 1DB5 (Schevitz et al., 1995)] and COX-2 [PDB ID: 3QH0 (Liang, 2011)] was retrieved from the PDB database and preprocessed in BIOVIA Discovery Studio 2017. Puerarin was then docked to cPLA2 and COX-2 with the CDOCKER module in Discovery Studio 2017. The binding site sphere radius was set to 10 Å for COX-2 and 9 Å for cPLA2. Twenty docked poses were generated for each docking simulation. The top-ranked poses were selected for further analysis. 3D figures were generated by Discovery Studio 2017. 2D diagrams were generated by LigPlot v.1.0 (Wallace et al., 1995).
Enzyme Activity Detection of cPLA2 and COX-2
For the enzyme activity detection of cPLA2, small intestine and hippocampal tissues were perfused with PBS containing 0.16 mg/ml heparin to remove red blood cells and clots. Then, the tissues (50 mg) were homogenized in 1 ml pre-cold buffer (50 mM HEPES, pH 7.4, containing 1 mM EDTA). After being centrifuged, the supernatant was analyzed according to the instructions of the commercial kit (Cayman Chemical, Ann Arbor, MI, United States). The samples were diluted at 1:5 and 1:10, respectively, for hippocampal tissues and small intestines. The absorbance was recorded at 414 nm using a plate reader. To detect the enzyme activity of COX-2, the COX-2 inhibitor screening kit (Beyotime Biotechnology, China) was used. The hippocampal tissues and small intestines were homogenized using lysis buffer at a ratio of 1:5 (mg/μl) and quantified by the BCA protein assay kit (Thermo, United States). The enzyme activity of COX-2 of the samples was analyzed following the instructions of the commercial kit and corrected as Relative Fluorescence Unit (RFU) per gram protein.
Assay of PGE2 Production
Production of PGE2 in the hippocampus and small intestine tissues was detected by enzyme-linked immunosorbent assay (ELISA). The hippocampal tissues and small intestines were homogenized using lysis buffer at a ratio of 1:8 (mg/μl) and quantified by the BCA protein assay kit (Thermo, United States). The concentration of PGE2 was detected according to the instruction of the commercial PGE2 EIA monoclonal kit (Minneapolis, United States). The results were corrected as picogram per milligram protein.
Statistical Analysis
All data were represented as mean ± S.E.M. N indicated the number of animal samples in each group. Statistical analyses were performed with Origin Pro 2021 software by Student’s t-test (between two groups) or one-way analysis of variance (ANOVA, among multiple groups). The p-value less than 0.05 was considered statistical significant.
RESULTS
Puerarin Improved Sucrose Preference and Depression-Like Behavior in HFD/CUMS-Induced Rats
In order to investigate the protective effect of puerarin on depression, an HFD/CUMS-induced depression-like rat model was used. As shown in Figures 2A,B, in comparison with the normal control group, the body weight of rats in the HFD group significantly increased from the 56th day, while significant weight loss was observed in the CUMS-alone group at the 77th day (p < 0.01). However, no significant difference was found among other groups because an HFD and CUMS have opposite effects on weight gain. Anhedonia, the main symptom of depressive disorder, was detected by the 1% sucrose preference test. Compared with the normal control group, rats in the HFD, CUMS, and HFD/CUMS groups showed significantly less sucrose consumption (Figure 2C, p < 0.01). The drug treatment groups, including simvastatin, fluoxetine, simvastatin + fluoxetine, and puerarin (30, 60, and 120 mg/kg), showed significant higher consumption of sucrose solution than the HFD/CUMS group (p < 0.01). In the open-field test (Figures 2D–F), HFD, CUMS, and HFD/CUMS stimulation prolonged time resting, while decreasing time activity and number. of rearing and total distance (p < 0.01), showing behaviors indicative of depression. In comparison with the HFD/CUMS group, simvastatin, fluoxetine, simvastatin + fluoxetine, and puerarin (30, 60, and 120 mg/kg) treatments significantly alleviated the depression-like behaviors (p < 0.01).
[image: Figure 2]FIGURE 2 | Effect of puerarin on body weight, sucrose preference, and depression-like behavior. (A) Body weight of all rats was recorded at days 0, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, and 77. (B) Body weight at the 77th day was statistically analyzed. (C) Water and sucrose solution consumption at the 78th day were carried out, and the sucrose preference rate was calculated. The time resting or activity (D), rearing numbers (E), and total distance (F) traveled during the last 4 min were recorded and statistically analyzed. Values are expressed as mean ± S.E.M (n = 8). ##p < 0.01 vs. the normal control group; **p < 0.01 vs. the HFD/CUMS group.
Puerarin Antagonized the Abnormal Protein Expression of IL-6, TNF-α, and IL-10 in Hippocampal Tissues and Plasma
To further investigate the protective role of puerarin on HFD/CUMS-induced inflammation in the peripheral and CNS, the protein levels of IL-6, TNF-α, and IL-10 in plasma and hippocampal tissues were detected. The results in Figure 3 demonstrated that chronic stimulation of HFD, CUMS, and HFD/CUMS significantly induced inflammatory damage by enhancing the protein level of IL-6 and TNF-α and reducing the expression of IL-10 in the hippocampus and plasma (p < 0.01). However, in comparison with the HFD/CUMS group, simvastatin + fluoxetine or puerarin treatment antagonized the abnormal protein expression of IL-6, TNF-α, and IL-10 in hippocampal tissues and plasma (p < 0.01 or p < 0.05). Moreover, a dose-dependent manner was observed in puerarin-treated (30, 60, and 120 mg/kg) groups.
[image: Figure 3]FIGURE 3 | Effect of puerarin on protein expression of IL-6, TNF-α, and IL-10 in hippocampal tissues and plasma. After drug treatment for consecutive 7 days (one time per day), plasma and hippocampal tissues were obtained. The protein levels of IL-6 (A, B), TNF-α (C, D), and IL-10 (E, F) in hippocampal tissues and plasma were detected by using commercial ELISA kits, respectively. The results of hippocampal tissues were corrected as picogram per milligram protein. Values are expressed as mean ± S.E.M (n = 8). ##p < 0.01 vs. the normal control group; *p < 0.05 and **p < 0.01 vs. the HFD/CUMS group.
Puerarin Repaired Pathological Damage of the Small Intestine of Depression-Like Rats
As shown in Figure 4A, in the normal control group, the small intestinal mucosal villi were arranged regularly, and no obvious damage was observed. The small intestinal mucosa of the rats in the HFD, CUMS, and HFD/CUMS groups were severely damaged, including the following characteristics: 1) the thickness from the serosa to muscularis was less; 2) the villi were broad and short and considerably swollen, broken, or necrotic; and 3) the arrangement of the lamina propria cells was completely disordered. Long-term stimulation of CUMS showed that the serosal layer was loosely arranged or fell off from the muscle layer. Among which, the morphological structure of the small intestine mucosa of rats in the HFD/CUMS group was the most severely damaged. Compared with the HFD/CUMS group, the changes of the small intestine mucosa were improved. Moreover, the simvastatin + fluoxetine-treated group and puerarin (120 mg/kg)-treated groups showed that the villi were basically intact, arranged tightly, and the structure of each layer was relatively clear and complete.
[image: Figure 4]FIGURE 4 | Effect of puerarin on HFD/CUMS-induced small intestine mucosa. (A) Pathological damage of the small intestine was detected by H&E staining.[image: FX 1] indicates the thickness from the serosa to muscularis;[image: FX 2] shows that the villi were swollen and broken, and the arrangement of the lamina propria cells was completely disordered;[image: FX 3] indicates that the serosal layer was loosely arranged or fell off from the muscle layer. The magnification was 100 ×. The protein expression of TLR4 (B), occludin (C), and claudin-1 (D) was analyzed by Western blotting. β-actin was used as the internal reference. The densitometry was quantified using ImageJ software. The mRNA levels of TLR4 (E), occludin (F), and claudin-1 (G) were detected by real-time RT-PCR. β-actin was used as the housekeeping gene. Values are expressed as mean ± S.E.M (n = 3 for Western blotting and n = 4 for real-time RT-PCR). #p < 0.05 and ##p < 0.01 vs. the normal control group; *p < 0.05 and **p < 0.01 vs. the HFD/CUMS group.
The pathological damage of the small intestine may be related to the increase in intestinal permeability mediated by abnormal expression of TLR4. Subsequently, the mRNA and protein expressions of TLR4, occludin, and claudin-1 were determined by real-time RT-PCR and Western blotting, respectively. As displayed in Figures 4B,E, HFD, CUMS, and HFD/CUMS stimulations significantly increased the mRNA and protein concentrations of TLR4 in the small intestine (p < 0.01). However, simvastatin, fluoxetine, simvastatin + fluoxetine, and puerarin (30, 60, or 120 mg/kg) treatments significantly downregulated the abnormal TLR4 levels (p < 0.01). Moreover, rats in the HFD, CUMS, and HFD/CUMS groups increased intestinal permeability by reducing the mRNA and protein expression of occludin (Figures 4C,F) and claudin-1 (Figures 4D,G, p < 0.01 or p < 0.05). After the rats received simvastatin, fluoxetine, simvastatin + fluoxetine, or puerarin (30, 60, and 120 mg/kg), the mRNA expressions of occludin and claudin-1 were considerably upregulated (p < 0.01 or p < 0.05). Similarly, the protein expression of occludin and claudin-1 was significantly enhanced by simvastatin + fluoxetine or puerarin (30, 60, and 120 mg/kg) (p < 0.01 or p < 0.05). These results indicated that the intestinal permeability was restored.
Puerarin Decreased the Number of TLR4-Positive Cells in the Prefrontal Cortex of the HFD/CUMS-Induced Rats
The TLR4 levels in the prefrontal cortex were identified as red, and the nucleus was stained in blue. As displayed in Table 2 and Figure 5A, the number of TLR4-positive cells in the HFD, CUMS, and HFD/CUMS groups was more than that of the normal control group (p < 0.01). Moreover, the intensity of red fluorescence in the HFD/CUMS group was stronger than that of the other groups. In comparison with the HFD/CUMS group, the rats that received fluoxetine, simvastatin, simvastatin + fluoxetine, or puerarin (30, 60, and 120 mg/kg) treatments showed that the number of TLR4-positive cells was reduced to 70.35, 37.78, 30.36, 65.20, 29.64, and 17.02% (p < 0.01). Moreover, we detected the expression of hippocampal TLR4. As shown in Figure 5B, HFD, CUMS, and HFD/CUMS stimulations significantly enhanced the expression of TLR4 (p < 0.01 or p < 0.05). However, rats in the simvastatin, simvastatin + fluoxetine, or puerarin (30, 60, and 120 mg/kg) groups displayed a remarkably decreased TLR4 level (p < 0.01 or p < 0.05).
TABLE 2 | Semi-quantification of TLR4-positive cells.
[image: Table 2][image: Figure 5]FIGURE 5 | Puerarin decreased the level of CNS TLR4. (A) Puerarin decreased the level of TLR4 in the prefrontal cortex of HFD/CUMS-induced depression-like rats (400×magnification). The localization of TLR4 was determined by immunofluorescence. TLR4-positive cells were identified as red, and the nucleus was stained with DAPI in blue. (B) Puerarin reduced the expression of TLR4 in the hippocampal tissues of HFD/CUMS-induced depression-like rats. The protein expression of TLR4 was detected by Western blotting. β-actin was used as the internal reference. The densitometry was quantified using ImageJ software. Values are expressed as mean ± S.E.M (n = 3). #p < 0.05 and ##p < 0.01 vs. the normal control group; *p < 0.05 and **p < 0.01 vs. the HFD/CUMS group.
Puerarin Improved Abnormal Lipid Metabolism in Hippocampal Tissues
Lipid metabolites are important signaling molecules in cells. The effect of puerarin on lipid metabolism is shown in Figure 6. PLS-DA score plots showed a complete separation between the control and HFD/CUMS groups and HFD/CUMS and PUE groups, indicating that there were different lipid metabolites among the three groups. The top 15 most different metabolites were LacCer (d19:0/12:1), PC (O-22:2/14:1), TG (16:0/22:6/18:1), PC (14:0/18:4), Cer (14:0/21:0), PC (16:1/22:2), PE (P-16:0/18:2), PC (P-18:0/18:1), PC (22:5/38:0), Sph (d16:0), DG (16:1/20:3/20:0), PE (16:1/22:6), lyso-PE (20:0/0:0), PC (16:0/18:3), and TG (16:0/18:0/18:0). Among the differently altered metabolites, more than 65% were phospholipids. Therefore, based on the phospholipid metabolism abnormalities, the group heatmap is shown in Figure 6D. In comparison with the HFD/CUMS group, the puerarin-modified phospholipid biomarkers were identified as PC (15:1/20:1), PE (15:1/16:1), and PI (18:2/20:1).
[image: Figure 6]FIGURE 6 | Puerarin-modified lipid metabolism abnormalities in HFD/CUMS-induced rat hippocampal tissues. (A) PLS-DA score plot based on the control vs. HFD/CUMS groups. (B) PLS-DA score plot based on HFD/CUMS vs. PUE groups. (C) Random forest analysis of the top 15 most different metabolites among the control, HFD/CUMS, and PUE groups. “Mean Decrease Accuracy” and “Mean Decrease Gini” were used to measure the importance of a metabolite in discriminating groups in a random forest. The greater the two values, the greater the importance of metabolites in the random forest. (D) Heatmap of different phospholipid metabolites. (E) Volcano plot based on PUE vs. HFD/CUMS. The identified biomarkers were PC (15:1/20:1), PE (15:1/16:1), and PI (18:2/20:1). LacCer: lactosylceramide, TG: triglyceride, Sph: sphingolipid, PC: phosphatidylcholines, Cer: ceramide, PE: phosphatidylethanolamine, LPE: lyso-PE, DG: diacylglycerols, and PI: phosphatidylinositol. Values are expressed as mean ± S.E.M (n = 8).
Puerarin Inhibited the Enzyme Activity of cPLA2 and COX-2 and Decreased the Production of PGE2
The docking results revealed that puerarin exhibited moderate binding affinity to cPLA2 and weak binding affinity to COX-2 (Figure 7A). The ligand bonded to cPLA2 and COX-2 mainly through hydrogen bonding and hydrophobic interactions. As illustrated in Figure 7B, puerarin formed several hydrogen bonds with Ser530, Tyr385, and Phe518 of COX-2, as well as a number of hydrophobic interactions with Val349, Leu352, and Met522. Puerarin formed hydrogen bonds with Gly29, Cys44, Asp48, and His47 of cPLA2 and hydrophobic interactions with Val30, Tyr21, His6, and Ala17.
[image: Figure 7]FIGURE 7 | Puerarin inhibited the enzyme activity of cPLA2 and COX-2 and decreased the production of PGE2. The 3D and 2D diagrams of the interaction of puerarin-cPLA2 (A) and puerarin-COX-2 (B) by molecular docking. Puerarin inhibited the enzyme activity of cPLA2 and COX-2 in the hippocampus and small intestine. The enzyme activities of cPLA2 (C) and COX-2 (D), as well as the downstream PGE2 (E) production, were analyzed by using commercial kits. Values are expressed as mean ± S.E.M (n = 6). #p < 0.05 and ##p < 0.01 vs. the normal control group; *p < 0.05, **p < 0.01 vs. the HFD/CUMS group.
To confirm the results of molecular docking, the effect of puerarin on enzyme activities of cPLA2 and COX-2 was evaluated. As shown in Figures 7C–E, HFD, CUMS, and HFD/CUMS stimulation significantly increased the enzyme activities of cPLA2 and COX-2, resulting in enhanced PGE2 concentration in hippocampal and small intestinal tissues (p < 0.01). In comparison with the HFD/CUMS group, simvastatin, simvastatin + fluoxetine, and puerarin (30, 60, and 120 mg/kg) treatments significantly decreased the enzyme activity of cPLA2 (p < 0.05 or p < 0.01). Moreover, all drug-treated groups, including fluoxetine, simvastatin, simvastatin + fluoxetine, and puerarin (30, 60, and 120 mg/kg), showed weaker enzyme activities of COX-2 and a lower PGE2 level than those in the HFD/CUMS group (p < 0.01).
DISCUSSION
Depression is one of the most common comorbidities of chronic diseases, including cardiovascular, diabetes, and obesity (Bădescu et al., 2016; Lu et al., 2019; Gold et al., 2020). The differential metabolites in urine and plasma between depressive and healthy subjects indicate that the pathogenesis of depressive disorder is related to lipid metabolism, amino acid metabolism, and energy metabolism (Xu et al., 2012; Huang et al., 2020; Wang et al., 2020). Thus, it is necessary to build a complex model to better simulate the multifactorial nature of depression or depression combined with physical diseases. A study based on a single mechanism of depression has certain limitations. A single inducing factor can only simulate one or more pathogeneses of depression (Gururajan et al., 2019). To better explore the pathological mechanism of depression and promote the development of new antidepressant drugs, valid animal models are urgently required. CUMS, as a widely used stimulus for inducing depression-like behavior, reasonably simulates the life state of people who are under long-term mental stress. In terms of nutritional intake, the HFD simulates the unhealthy fast food diet. Thus, the depressant-like model induced by CUMS combined with the HFD may better simulate the complexity of the pathogenesis of depression, including neurotransmitter dysfunction, inflammatory response, abnormal metabolism, and brain–gut axis disorders.
The crosstalk between inflammation and neurocircuits drives the development of depression and has been taken as a potential direction for antidepressant therapies (Miller and Raison, 2016). Cytokines, one of the most investigated immuno-components in depression, directly affect cell functions and communication by exerting pro-inflammatory or anti-inflammatory actions. In addition to central cytokines, peripheral cytokines can, indeed, influence behavior. For example, chronic stress disrupts BBB integrity, promoting peripheral IL-6 to enter into brain parenchyma and resulting in depression-like behaviors (Menard et al., 2017). Cytokines have multiple impacts on neurotransmitter systems. However, it remains unclear how cytokines contribute to the development of depression and what is the underlying mechanism.
In the present study, we evaluated the protective effect of puerarin on HFD/CUMS-induced depression-like rats and explored the molecular mechanisms based on TLR4-mediated inflammatory responses. The results demonstrated that puerarin improved the behaviors in HFD/CUMS-induced depressive rats. IL-6 and TNF-α are two of the most studied pro-inflammatory markers in the blood of major depressive patients (Pedraz-Petrozzi et al., 2020). Following this, we detected the expression of peripheral and central cytokines and found that both HFD and CUMS stimulations heightened the protein concentrations of IL-6 and TNF-α, while blocking the expression of IL-10. However, puerarin treatment significantly alleviated inflammatory damages by restoring HFD/CUMS-induced abnormal levels of IL-6, IL-10, and TNF-α in plasma and hippocampal tissues.
The HFD directly modulates intestinal mucus composition and changes gut microflora by enhancing pro-inflammatory signaling cascades (Rohr et al., 2020). It is unclear if CUMS-induced intestinal hyper-permeability is the pathogenesis or consequence of major depression. However, compelling evidence indicates that CUMS action on the gut may exacerbate neuro-inflammation and neurodegeneration (Dodiya et al., 2020). Therefore, we further detected the histological morphology of small intestine mucosa and the related key molecules, including TLR4, occludin, and claudin-1. HFD and CUMS stimulation showed severe injuries on the villi, such as swelling and breakage. Moreover, the arrangement of lamina propria cells was completely disordered. The difference between HFD and CUMS stimulation is that the former one attenuated the thickness from the serosa to muscularis and the latter one induced the arrangement of the serosal layer loosely or fell off from the muscle layer. However, puerarin (120 mg/kg) treatment significantly restored the intestine mucosa morphology. The villi of the rats which received puerarin (120 mg/kg) were basically intact and arranged tightly, and the structure of each layer was relatively clear and complete. The intestinal hyper-permeability leads to leakiness to endotoxins. TLR4 delivers extracellular antigens into cells and induces inflammatory responses. In addition, TLR4 regulates tight junction proteins, such as occludin and claudin-1 via protein kinase C (PKC) hyperactivity (Wardill et al., 2014). Real-time RT-PCR and Western blotting results displayed that puerarin downregulated the mRNA and protein expressions of TLR4, resulting in increased concentrations of occludin and claudin-1. Likely, puerarin-treated groups showed a reduction of TLR4 levels in the rats’ prefrontal cortex and hippocampal tissues. These data indicated that puerarin alleviated peripheral and central inflammatory damages by restoring intestinal permeability via TLR4 signaling pathways. Thus, we hypothesized that puerarin exerted antidepressive actions through TLR4-associated mechanisms.
TLR4 regulates COX-2 and PGE2, which play an important role in the proliferation and apoptosis in response to intestinal mucosal damage (Fukata et al., 2006). cPLA2 is a key enzyme for membrane phospholipid metabolism. As key enzymes for the metabolism of polyunsaturated fatty acids (PUFAs) and the synthesis of PGE2, the genetic variation of cPLA2 and COX-2 genes increases the risk of depression (Su et al., 2010). TLR4 accelerates phospholipid metabolism by activating cPLA2 to produce a large amount of arachidonic acid and free fatty acids, which leads to membrane channel activation and hemodynamic changes (Teply et al., 2016). To further explore the underlying mechanism, non-targeted lipidomics of hippocampal tissues was detected. Among the top 15 most different metabolites, 60 % were phospholipid metabolites. Thus, we mainly focused on the effect of puerarin on phospholipid metabolism. Compared with the HFD/CUMS group, three biomarkers were identified, namely, PC (15:1/20:1), PE (15:1/16:1), and PI (18:2/20:1). cPLA2 and COX-2 are two important enzymes in the process of phospholipid metabolism. Furthermore, molecular docking of puerarin-cPLA2 and puerarin-COX-2 was performed. Although the docking results indicated that puerarin exhibited moderate binding affinity to cPLA2 and weaker binding affinity to COX-2, we verified the results in vivo and found that puerarin significantly inhibited the enzyme activities of cPLA2 and COX-2 and decreased the production of PGE2 in the small intestine and hippocampal tissues in a dose-dependent manner.
CONCLUSION
As illustrated in Figure 8, long-term HFD/CUMS stimulation evokes peripheral and central inflammation responses and TLR4 activation. The abnormal concentrations of inflammatory cytokines change the structure and function of the brain and small intestine, resulting in a depressive phenotype. The interaction between TLR4 and cytokines is complex and is difficult to evaluate if TLR4 activation is the cause or consequence of cytokine outburst. The main concern of the current study is that both TLR4 and cytokines regulate the metabolism of arachidonic acids. Puerarin treatment alleviated HFD/CUMS-induced depression-like behavior by inhibiting TLR4-associated inflammatory responses. Mechanistically, puerarin treatment restored the lipid metabolism abnormalities. For the phospholipid metabolism, puerarin not only changed the phospholipid metabolites but also inhibited the enzyme activities of cPLA2 and COX-2. In conclusion, puerarin treatment reversed HFD/CUMS-induced depression-like behavior by inhibiting TLR4-mediated inflammatory damages and phospholipid metabolism disorders. Subsequently, we will further detect the effects of puerarin on phospholipid metabolism and intestinal microflora to declare the TLR4 signaling pathway–associated functions of the brain–gut axis or other potential mechanisms.
[image: Figure 8]FIGURE 8 | Puerarin protected against HFD/CUMS-induced depression via the TLR4/cPLA2/COX-2 pathway. HFD/CUMS stimulation induced depression-like behavior via increasing inflammatory damages. Inflammatory response is related to TLR4 activation, inducing the changes of structure and function in the brain and small intestine tissues. Puerarin treatment alleviated the depressive phenotype by suppressing TLR4 activation and cytokine over-production, restoring lipid metabolites, inhibiting enzyme activities of cPLA2 and COX-2, and decreasing downstream PGE2 production. HFD: high-fat diet; CUMS: chronic unpredictable mild stress; TLR4: Toll-like receptor 4; LOX: lipoxygenase; cPLA2: calcium-dependent cytosolic phospholipases A2; COX-2: cyclooxygenase-2; PGE2: prostaglandin E2; HETEs: hydroxyeicosatetraenoic acids.
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Chronic stress is a significant cause of depression, anxiety, and intestinal mucosal injury. Gut microbiota disturbances are also associated with these disorders. Shugan Hewei Decoction (SHD), which is a traditional Chinese medicine formula developed by our team, has shown superior therapeutic effects in the treatment of depression, anxiety, and functional gastrointestinal diseases caused by chronic stress. In this study, we investigated the modulatory effect of SHD on the cecal microbiota and cecum mucosal NOD-like receptor protein 3 (NLRP3) inflammasome in a chronic unpredictable stress (CUS)/social isolation rat model. After the SHD intervention, the CUS model rats showed improvements in their depressive- and anxiety-like behaviors, as well as sustained body weight growth and improved fecal characteristics. SHD improved the cecal microbiota diversity and changed the abundance of six microbial genera. A Spearman’s correlation analysis showed a strong correlation between the NLRP3 inflammasome and CUS-perturbed cecal biomarker microbiota. SHD regulated the excessive expression of NLRP3, ASC, caspase-1, interleukin-1β (IL-1β), and IL-18 in the serum and cecum mucosa induced by CUS, as well as the activation of the Toll-like receptor 4/nuclear factor-κB signaling cascades. Our results reveal the pharmacological mechanisms of SHD and provide a validated therapeutic method for the treatment of depression, anxiety, and cecum mucosal injury.
Keywords: chronic stress, cecal microbiota, NLRP3 inflammasome, Shugan Hewei Decoction, traditional Chinese medicine
INTRODUCTION
Chronic stress due to social pressure or negative emotional stimulation can lead to psychological and somatic manifestations, such as anxiety, depression, and functional gastrointestinal disorders (Qin et al., 2014; Stefanaki et al., 2018), all of which endanger public physical and psychological health (Baxter et al., 2013). Depression and anxiety are the most common psychiatric disorders, and they are currently recognized by WHO as the fourth most prevalent contributors to the global burden of disease (Liang et al., 2016). Depression and anxiety can disturb the homeostasis of the gastrointestinal tract, resulting in loss of appetite, abdominal distension, abdominal pain, abnormal bowel habits, changes in fecal traits, and other symptoms (Bhatia and Tandon, 2005). Chronic stress-induced gastrointestinal symptoms are associated with intestinal mucosal injury, which further exacerbates inflammatory reactions (Wei et al., 2019). Moreover, the intestinal microbiome plays an important role in the incidence of gastrointestinal diseases induced by mental and psychological factors (Karl et al., 2018). Intestinal microbiome disturbances have been reported in both chronic stress primate (Zheng et al., 2020) and rodent models (Ding et al., 2020), and these disturbances are related to NOD-like receptor protein 3 (NLRP3) inflammasome activation in the intestinal mucosa (Inserra et al., 2018; Hao et al., 2021). The NLRP3 inflammasome acts as a bridge between stress and the intestinal immune response, and it plays a dual role in promoting inflammation and maintaining intestinal homeostasis, both of which affect gastrointestinal function (Lamkanfi and Dixit, 2014). The intestinal microbiota and NLRP3 inflammasome are involved in the development of depression, anxiety, and functional gastrointestinal disorders that are induced by chronic stress; thus, they are recognized as potential targets for managing stress-related diseases.
The NLRP3 inflammasome, which is a multimeric protein complex consisting of a cytoplasmic innate receptor (NLRP3), an apoptosis-associated speck-like protein containing a CARD domain (ASC), and a cysteinyl aspartate specific proteinase (caspase-1) (Kim and Jo, 2013), is responsible for activating inflammatory responses upon infection and cellular damage. NLRP3 inflammasome activation correlates with stress responses (Fleshner et al., 2017), depressive- and anxiety-like behaviors, and gut microbiota composition (Wong et al., 2016). It also plays a major role in regulating chronic intestinal inflammation and the maturation of interleukin-1β (IL-1β) and IL-18, both of which are associated with an increased risk of colitis development (Perera et al., 2017). The NLRP3 inflammasome is closely related to the intestinal microbiota, which plays an important role in maintaining gastrointestinal and mental health along the brain–gut axis that connects the central nervous system and the human gastrointestinal tract. There is mounting data indicating that cumulative stress resulting from psychological, environmental, and physical stressors has a consistent and meaningful impact on the intestinal microbiota (Karl et al., 2018), and intestinal microbiota participate in the pathogenesis of gastrointestinal dysfunction mediated by chronic stress.
Shugan Hewei Decoction (SHD), which is a traditional Chinese medicine formula developed by our team, is used clinically to treat various stomach disorders, including functional gastrointestinal diseases induced by chronic stress. It was developed based on the formula for Sini San (SNS) in Treatise on Febrile Diseases, which is an ancient Chinese medicine book that was written about 1,800 years ago. SNS is composed of four herbs: Bupleurum chinense DC. (Apiaceae; Bupleuri Radix), Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae Radix Alba), Citrus × aurantium L. (Rutaceae; Aurantii Fructus Immaturus), and Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae; Glycyrrhizae Radix et Rhizoma). It has been applied clinically for the treatment of mental and gastrointestinal disorders, including depression and functional gastrointestinal disorders (Shen et al., 2016). SNS can improve depressive behaviors by inhibiting inflammation (Zong et al., 2019). SHD, which is an advanced version of SNS that has six additional Chinese herbs, provides improved therapeutic effects and longer efficacy for managing depression and gastrointestinal disorders. SHD is composed of the following commonly used Chinese herbs: Bupleurum chinense DC. (Apiaceae; Bupleuri Radix), Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae Radix Alba), Citrus × aurantium L. (Rutaceae; Aurantii Fructus Immaturus), Curcuma aromatica Salisb. (Zingiberaceae; Curcumae Radix), Wurfbainia villosa (Lour.) Skornick. and A.D.Poulsen (Zingiberaceae; Amomi Fructus), Atractylodes macrocephala Koidz.(Asteraceae; Atractylodis Macrocephalae Rhizoma), Aucklandia costus Falc. (Asteraceae; Aucklandiae Radix), Coptis chinensis Franch. (Ranunculaceae, Coptidis Rhizoma), Tetradium ruticarpum (A.Juss.) T.G.Hartley (Rutaceae; Euodiae Fructus), and Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae; Glycyrrhizae Radix et Rhizoma) (Figure 1). Our previous studies have shown that the SHD formulation and its active substance fractions can improve depressive-like behaviors in a chronic unpredictable stress (CUS)–induced rat model by regulating the release of neurotransmitters (Glu and GABA) in the hypothalamus and inducing the synergistic effects of several neurotransmitters (DA, 5-HT, NA, 5-HIAA) in the PFC-NAc-VTA neural circuit (Mou et al., 2019; Chen et al., 2021). However, the mechanism by which SHD improves gastrointestinal disorders and whether cecal microbiota, intestinal inflammation, and the NLRP3 inflammasome are related to the SHD antidepressant mechanism remain unclear.
[image: Figure 1]FIGURE 1 | Chinese herbs formula of Shugan Hewei Decoction (SHD).
In this study, we identified the chemical constituents of SHD and analyzed the active compounds in medicated rat serum using HPLC-TOF-MS/MS. We demonstrated that SHD may alleviate cecum mucosal injury by maintaining intestinal microbiota homeostasis and inhibiting the excessive activation of the NLRP3 inflammasome and Toll-like receptor 4 (TLR4)/nuclear factor (NF)-κB signaling pathway, which also improves depressive-like behaviors and the ability of SHD to regulate neurotransmitter release. Our study provides an advanced therapeutic method for the treatment of chronic stress-related diseases.
MATERIALS AND METHODS
Animal Care and Use
A total of 84 healthy male Sprague–Dawley SPF rats (SYXK (E) 2017-0067) weighing 160–200 g were purchased from the Chinese Center for Disease Control and Prevention (Wuhan, Hubei, China), and subjected to a 7-day adaptive feeding process prior to starting the formal experiment. The rats were housed in the SPF Animal Lab at the Hubei University of Chinese Medicine under a 12-h light/dark cycle at a constant temperature (25 ± 1°C) and humidity (55–65% relative humidity) with ad libitum access to food and water. After 7 days of acclimatization to the environment, 80 rats with similar body weights were selected and randomly divided into a control group (12 rats) and a model group (68 rats), and all the model group rats were housed independently. The model rats were subjected to seven different chronic unpredictable stress (CUS) for 21 days. The 8 CUS-resistant rats were screened out using the sucrose preference test (SPT), open field test (OFT), and forced swimming test (FST) after 3 weeks of exposure to CUS. The remaining 60 rats were randomly divided into the following five groups: a model group, a low SHD dosage (SHD-L) group, a high SHD dosage (SHD-H) group, a SNS group, and a fructooligosaccharide (FOS) group, with 12 rats in each group (Figure 2A). The animal experiments were reviewed and approved by the Animal Ethics Committee (HUCMS 201903009), and all the experiments complied with current animal welfare guidelines.
[image: Figure 2]FIGURE 2 | Schematic diagram of the experimental procedures used in this study and the effects of SHD on the weight, fecal traits, and depressive-like behaviors of chronic unpredictable stress (CUS) model rats. (A) An experimental flowchart detailing the feeding, grouping, drug interventions, and measuring of the rats. (B) Changes in the body weights of the CUS model rats (n = 8). (C) Effect of SHD on the weight gains experienced by the CUS model rats (n = 8–9). (D) Effect of SHD on the Bristol evaluation scores for the CUS model rats (n = 10). (E) Effect of SHD on the fecal moisture content in the CUS model rats (n = 5). (F) The sucrose preference rate from the sucrose preference test (SPT) (n = 8). (G) The stationary time observed during the open field test (OFT) (n = 8). (H) The total movement distance observed during the OFT (n = 8). (I) The number of central areas crossing the lattice during the OFT (n = 8). (J) The immobility time observed during the forced swimming test (FST) (n = 8). The data are expressed as the mean ± SEM. #p < 0.05, ##p < 0.01 vs. the control group. *p < 0.05, **p < 0.01 vs. the model group. Δp<0.05, ΔΔp<0.01 vs. the FOS group. SHD-L, the low dosage of the Shugan Hewei Decoction; SHD-H, the high dosage of the Shugan Hewei Decoction; SNS, Sini San; FOS, fructooligosaccharide.
Drug Preparation and Intervention
The SHD consists of 10 herbs, containing Bupleurum chinense DC. (Apiaceae; Bupleuri Radix), 10 g; Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae Radix Alba), 10 g; Citrus × aurantium L. (Rutaceae; Aurantii Fructus Immaturus), 10 g; Curcuma aromatica Salisb. (Zingiberaceae; Curcumae Radix), 10 g; Wurfbainia villosa (Lour.) Skornick. and A.D.Poulsen (Zingiberaceae; Amomi Fructus), 10 g; Atractylodes macrocephala Koidz. (Asteraceae; Atractylodis Macrocephalae Rhizoma), 15 g; Aucklandia costus Falc. (Asteraceae; Aucklandiae Radix), 10 g; Coptis chinensis Franch. (Ranunculaceae, Coptidis Rhizoma), 6 g; Tetradium ruticarpum (A.Juss.) T.G.Hartley (Rutaceae; Euodiae Fructus), 6 g; and Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae; Glycyrrhizae Radix et Rhizoma), 6 g (Figure 1, Supplementary Table S1). The SNS consists of four herbs, containing Bupleurum chinense DC. (Apiaceae; Bupleuri Radix), 10 g; Paeonia lactiflora Pall. (Paeoniaceae; Paeoniae Radix Alba), 10 g; Citrus × aurantium L. (Rutaceae; Aurantii Fructus Immaturus), 10 g; and Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae; Glycyrrhizae Radix et Rhizoma), 10 g. All the raw herbs were provided by Tianji Pharmaceutical Co., Ltd (Hubei, China) and produced based on the procedure described in the Chinese Pharmacopoeia 2015 Edition (National Pharmacopoeia Commission, 2015). The weights of each herb were determined according to the clinical dose. Dry FOS powder (Batch No. 1903303301, purity ≥95.0%) was prepared by the Quantum Hi-Tech Biological Co. Ltd. (Guangzhou City, China) in accordance with the process described in the PRC National Standard GB/T 23528-2009.
Briefly, SHD raw herb weights in total of 930 g (10 doses of raw herbs of SHD) was soaked and then extracted with 10-fold mass of water (9,300 ml). First, 1.38 g of volatile oil (yield of 0.15%) and 23.7 g of aromatic water (yield of 2.55%) were extracted by steam distillation and then stored at −20°C; then by water extraction and alcohol precipitation method, the raw herb was boiled for 3 times, 2 h each, the water exact from each time were retrieved and mixed, then concentrated down to 930 ml (equal to 1 g crude herb/ml) by water bath method. The water extract was filtrated and 74.20 g of polysaccharides was obtained (yield of 7.98%), and the remaining liquid supernatant was concentrated by rotary evaporator and 242.20 g of extractum was obtained (yield of 26.0%); the polysaccharides and extractum were kept in a desiccator before use. The SHD total extract was obtained with a yield of 36.7% (341.48 g: 930 g). Distilled water was used to solve SHD total extract into liquid with the concentration of 0.56 g crude drug/ml (the SHD low dose) and 1.12 g crude drug/ml (the SHD high dose). The SNS preparation method is the same as that of SHD. The SNS total extract was obtained with a yield of 38.4% (153.6 g: 400 g) and SNS liquid with the concentration of 0.48 g crude drug/ml. The FOS solution is prepared according to the relevant literature (Chi et al., 2020), with the concentration of 0.315 g/ml. After completion, all the solution was divided and sterilized, and then stored at 4°C for later. The intragastric administration dosage was calculated based on the clinical equivalent dosage for an adult. The FOS was administered intragastrically (3.15 g/kg/day). The SHD-L dosage was 1.34 g/kg/day (3.67 g crude drug/kg/d), and the SHD-H dosage was 2.68 g/kg/day (7.34 g crude drug/kg/day). The high dose was the clinical equivalent. The SNS dosage was 1.21 g/kg/day (3.15 g crude drug/kg/day) (Zhu et al., 2020). The control group rats were given free access to food and water, and five rats were housed in each cage. The model group rats received an equal volume of distilled water, while the other four groups received the corresponding drug interventions for 7 days, twice a day.
HPLC-TOF-MS/MS Analysis of SHD
An HPLC-TOF-MS/MS analysis was conducted to identify the main chemical components of the SHD preparation. The SHD concentration was 1 g/ml (a 1-ml solution containing 1 g of the original herbs). The standards for paeoniflorin (Lot X12A8C33672) and palmatine chloride (Lot Z12J7X15968) were provided by Shanghai Yuanye Bio-Technology Co., Ltd. (purity ≥98%, Chengdu, China). Saikosaponin A (Lot 110,777–201,711, purity ≥91.3%), naringin (Lot 110,722–201,815, purity ≥91.3%), neohesperidin (Lot 111,857–201,703, purity ≥99.2%), hesperidin (Lot 10,721–201,818, purity ≥96.2%), liquiritin (Lot 111,610–201,607, purity ≥93.1%), and glycyrrhetinic acid (Lot 110,723–201,715, purity ≥99.6%) were provided by the National Institutes for Food and Drug Control (Beijing, China). The HPLC was performed on an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, California, USA) equipped with an Agilent ZorBax Eclipse Plus C18 RRHD (2.1 × 50 mm, 1.8 µm). The mobile phase was eluted with 0.1% formic acid ultra-pure water (A) and acetonitrile (B) in gradient mode. The acetonitrile proportion varied according to the gradient elution program: 0–3 min, 90% A; 3–8 min, 90–65% A; 8–10 min, 65–40% A; 10–16 min, 40–20% A at a flow rate of 0.4 ml/min. An electrospray ion source was used to collect the data under the positive and negative ion modes. The full-mass scanning range was 150–1,500 m/z. The column temperature was 30°C, and the detection wavelength was set at 275 nm.
Preparation of SHD-Containing Serum
Briefly, to collect the SHD-containing serum and the control serum, 20 Sprague–Dawley rats were randomly divided into two groups: one group was treated with SHD (14.68 g/kg), and the other group was treated with normal saline (10 ml/kg). Blood samples from each of the rats were then centrifuged at 3,500×g for 10 min at 4°C, and the serum was filtered through a 0.22-µm microporous membrane.
Chronic Unpredictable Stress
The CUS procedure was performed as previously described (Willner et al., 1987), although with slight modifications. In brief, the rats were exposed to a randomly selected stressor daily for 21 days. The stressors included food deprivation for 24 h, water deprivation for 24 h, tail squeezing for 1 min, swimming in 4°C water for 5 min, shaking 1 time/s for 5 min, reversal of the light/dark cycle, and shocking the plantar surface (50 mV, stimulation once every 5 s, intermittent 5 s, 10 times in total; Supplementary Table S2). Food and water were freely available to the control group rats, which remained undisturbed on another shelf, except for the 12-h deprivation period prior to each sucrose test.
Body Weight and Feces Traits
The body weight of each of the rats was recorded 1 day prior to the initiation of the experiments (day 0), as well as on days 7 and 21 of the interventions and 7 days (day 28) after the interventions. The body weight growth was calculated using the formula (Wn − W28)/W28 × 100%, in which W28 is the body weight on the last day of the intervention and W0 is the body weight on the last acclimation day. Changes in the general conditions and fecal characteristics between the groups and at different time points were recorded. The fecal Bristol scores and moisture contents were measured 12 h after the end of the last administration and before the sample collection. Rats in each group were placed in metabolic cages and fed in single cages lined with white paper. Centrifuge tubes (50 ml) were placed at the bottom of the cages to separate urine, avoiding the influence on the feces traits. The fecal traits of the rats were observed for 12 h, after which fecal samples were collected in centrifuge tubes. The average score of Bristol was calculated for each group according to the Bristol stool form scale (Supplementary Table S3) (Lewis and Heaton, 1997). The weight of the wet fecal samples was measured, and the average value was recorded as “A”. The centrifuge tubes were then placed in a drying box for 2 h, after which they were weighed again, with the average value recorded as “B”. The fecal moisture content was calculated using the following formula: fecal moisture content = (A − B)/A × 100%.
Behavioral Testing
Behavioral testing was performed as previously described (Moretti et al., 2019) in 7 days after the interventions (day 28).
For the SPT, the rats were given two bottles of 1% sucrose solution on the first training day. After 24 h, one of the 1% sucrose bottles was replaced with sterile water. After the adaptation phase, the rats were deprived of water and food for 23 h. The rats were then given free access to both water and 1% sucrose solution for 2 h, after which the remaining amounts of water and sucrose solution were measured. The sucrose preference ratio was determined using the following formula: sucrose preference ratio (%) = sucrose intake (ml) × 100%/[sucrose intake (ml) + water intake (ml)].
The OFT was performed at the end of the SPT. The OFT device included a field reaction box (90 cm × 90 cm×45 cm) and an automatic data acquisition system. The color of the inner wall of the reaction box was black, and the bottom surface was divided into small squares (5 cm × 5 cm). A digital camera was secured 2 m above the device, and its field-of-view covered the entire interior of the box. During the experiment, a rat was placed in the center of the reaction box, which was in a dark and quiet room. A SMART 3.0 animal behavior video acquisition system (Panlab, Barcelona, Spain) was used to record images of the rats for 5 min during the OFT, and the total movement distance, stationary time, and number of times that the rats crossed the central areas were analyzed over a 3-min span. The OFT was scheduled to take place between 8 and 12 a.m. To minimize cross-contamination, the experimental area was cleaned using 75% ethanol after each rat completed the test. To avoid subjectivity errors, both anxiety-like behavior tests were independently evaluated by two trained observers.
The FST was used to detect depressive-like behavior as characterized by immobility during a forced swim, as we described previously (Brenes et al., 2006). A pre-forced swim was conducted for 15 min 1 day before the actual test. During the test, each rat was placed inside a cylinder filled with water (the water temperature was controlled at 25 ± 1°C). During the FST, there is a period of vigorous activity during which the rat tries to escape, followed by a characteristic immobility, in which the rat only moves to maintain its head above water. In the current study, the immobility time was defined as the time during which the rat stopped struggling and floated in the water or only made small body movements to keep its head afloat. In the FST, this physical immobility is used as an indicator of behavioral despair. The immobility time for each rat was recorded and measured independently by two trained observers within a test period of 6 min.
Sample Collection and Preparation
The rats were anesthetized using an intraperitoneal injection of pentobarbital sodium (50 mg/kg), after which different sample materials were collected from the rats in each group. For the rats numbered 1–6 in each group: first, a 6-ml sample of blood was taken from the abdominal aorta and placed in a coagulation tube at room temperature for 1 h, after which the tubes were placed at 4°C overnight. The blood was then centrifuged at 3,000 rpm at 4°C for 10 min, and the serum was collected from each tube and stored at −20°C for later use. The cecal contents (2 ml) were collected from each rat using a sterile tube under sterile environmental conditions, and approximately 1–2 cm of cecal tissue was also collected. The aforementioned samples were immediately stored at −80°C. The serum samples were analyzed using ELISA to detect the expression of the NLRP3 inflammasome and related inflammatory cytokines. The cecal contents were sequenced using the 16S rRNA high-throughput method to detect the structure of and changes in the cecal microbiota. The cecal tissues were detected using RT-PCR and western blotting to observe the expression of related mRNAs and proteins.
A 4% paraformaldehyde aortic perfusion and fixation was performed for the rats numbered 7–12 in each group. The cecal contents (2 ml) were collected from each of these rats using sterile tubes under sterile environmental conditions, and the cecal samples were immersed in liquid nitrogen and ultimately transferred to −80°C. In addition, cecal tissues (1–2 cm) were separated and fixed in 4% paraformaldehyde at 4°C for 4–6 h. The cecal tissues were then embedded in paraffin and sagittal sections were removed. The pathological morphology of the fixed cecal tissues was observed using H&E staining. An immunofluorescence (IF) co-localization analysis was used to detect the NLRP3 inflammasome in the cecal tissues. The cecal content detection method for these samples was the same as described previously.
H&E Staining of Cecal Tissue
After the cecal tissues were fixed in 4% paraformaldehyde, they were dehydrated using gradient ethanol and embedded in paraffin. The paraffin sections were then deparaffinized, and the tissues were cut into 4-μm-thick sections and stained with H&E (hematoxylin stained the nucleus and eosin stained, dehydrated, and sealed the cytoplasm). Finally, images of the cecum mucosal tissues were captured using an optical microscope (Nikon Eclipse CI, Tokyo, Japan) and analyzed using an image acquisition system (Nikon DS-U3, Tokyo, Japan) to evaluate their histopathology.
16S rRNA Gene Sequencing of Cecal Contents
DNA Extraction and PCR Amplification
Microbial community genomic DNA was extracted from the cecal contents samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. The DNA extract was checked on a 1% agarose gel, and DNA concentration and purity were determined using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified with primer pairs 338 F (5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) using an ABI GeneAmp 9700 PCR thermocycler (ABI, Foster City, CA, USA). The PCR amplification was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contained 5× TransStart FastPfu buffer (4 μl), 2.5 mM dNTPs (2 μl), 5 μM forward primer (0.8 μl), 5 μM reverse primer (0.8 μl), TransStart FastPfu DNA polymerase (0.4 μl), template DNA (10 ng), and ddH2O (up to 20 μl). The PCR reactions were performed in triplicate, and the PCR product was extracted from a 2% agarose gel and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s instructions. The purified product was then quantified using a Quantus Fluorometer (Promega, Madison, WI, USA).
Illumina MiSeq Sequencing
The purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300/NovaSeq PE250 platform (Illumina, San Diego, CA, USA) according to the standard protocols developed by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw reads were deposited in the NCBI Sequence Read Archive database (accession number: SRP324274).
Processing of Sequencing Data
The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged using FLASH version 1.2.7 (Magoč and Salzberg, 2011) with the following criteria: 1) the 300-bp reads were truncated at any site receiving an average quality score <20 over a 50-bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; 2) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region is 0.2. Reads that could not be assembled were discarded; 3) samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, two nucleotide mismatches in primer matching. Operational taxonomic units (OTUs) with a 97% similarity cutoff (Stackebrandt and Goebel, 1994; Edgar, 2013) were clustered using UPARSE version 7.1 (Edgar, 2013), and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed against the 16S rRNA database (e.g., Silva v138) by RDP Classifier version 2.2 (Wang et al., 2007) using confidence threshold of 0.7.
ELISA of Serum
The NLRP3 expression levels in the serum were measured using ELISA kits (Wuhao Inc., Shanghai, China) according to the manufacturer’s instructions. The expression levels of caspase-1, IL-1β, IL-10, and IL-18 in the serum were also measured using ELISA kits (Cusabio Inc., Wuhan, Hubei, China) according to the manufacturer’s instructions.
RT-PCR of Cecal Tissues
Total RNA was extracted from the rat tissues using Trizol reagent, and the RNA integrity was confirmed using agarose gel electrophoresis. CDNA was reverse transcribed from the mRNA using a reverse transcription kit, and RT-qPCR was performed using SYBR green assays. The sequences of the target genes were identified using the NCBI database, and primer5 software was used to design the primers. The sequences of the primer pair were as follows: NLRP3: 5ʹ-CAG​AAG​CTG​GGG​TTG​GTG​AA-3ʹ (forward) and 5ʹ-CAG​CAG​GAG​TGT​GAG​GTG​AG-3ʹ (reverse), product length 218 bp; caspase-1: 5ʹ-AGC​TTC​AGT​CAG​GTC​CAT​CAG-3ʹ (forward) and 5ʹ-AAG​ACG​TGT​ACG​AGT​GGG​TG-3ʹ (reverse), product length 227 bp; IL-1β: 5ʹ-TGT​GAT​GTT​CCC​ATT​AGA​C-3ʹ (forward) and 5ʹ-AAT​ACC​ACT​TGT​TGG​CTT​A-3ʹ (reverse), product length 139 bp; ASC: 5ʹ-GGA​CAG​TAC​CAG​GCA​GTT​CG-3ʹ (forward) and 5ʹ-GTC​ACC​AAG​TAG​GGC​TGT​GT-3ʹ (reverse), product length 140 bp; IL-18: 5ʹ-ACA​GCC​AAC​GAA​TCC​CAG​AC-3ʹ (forward) and 5ʹ-TCC​ATT​TTG​TTG​TGT​CCT​GGC-3ʹ (reverse), product length 224 bp; actin: 5ʹ-TCC​TCT​GTG​ACT​CGT​GGG​AT-3ʹ (forward) and 5ʹ-TGG​AGA​ATA​CCA​CTT​GTT​GGC​T-3ʹ (reverse), product length 174 bp. The 2−ΔΔCt method was used to analyze the relative gene expression levels.
Immunofluorescence of Cecal Tissues
All the sections were analyzed by an investigator blinded to the diagnosis data. Positive staining results for NLRP3, caspase-1, and ASC were counted in each of the three different microscopic fields. The cell densities are expressed as the mean numbers of positively stained cells per field. The results of the double-staining for NLRP3 (green) and caspase-1 (red) and for NLRP3 (green) and ASC (red) were analyzed in a similar manner.
Western Blot of Cecal Tissues
Proteins were extracted from the cecal tissues by adding RIPA lysis buffer to the samples, followed by repeated grinding, incubation on ice for 10 min, and centrifugation at 16,000×g for 15 min at 4°C to obtain the supernatant. For the western blot analysis, 240 μl of the protein supernatant was mixed with 60 μl of 5× loading buffer, after which the mixture was boiled for 10 min then cooled on ice. Tissue lysate samples were resolved using SDS-PAGE and transferred to nitrocellulose membranes. The membranes were then immersed in 5% defatted milk powder (prepared using 1× PBST) at room temperature for 90 min, after which they were incubated at 4°C overnight with the following primary antibodies diluted in 1× PBST: anti-TLR4, anti-NF-κB, anti-p-NF-κB, anti-myeloid differentiation factor 88 (MyD88) (1:1,000 dilution); and β-actin (1:3,000 dilution). The next day, the membranes were incubated at room temperature for 60 min with HRP goat anti-mouse IgG and HRP goat anti-rabbit IgG secondary antibodies, both of which were diluted 1:3,000 in 1× PBST. The membranes were then incubated at room temperature for 90 min, followed by five washes with ECL chemiluminescent solution for color development. The exposed films were scanned and analyzed using Quantity One software.
Correlation Analysis
To explore the functional relationship between the cecal microbiota, the NLRP3 inflammasome (NLRP3, ASC, caspase-1), and the downstream inflammatory factors (IL-1β and IL-18) in the serum and cecal tissues, we formulated a correlation matrix based on Spearman’s correlation coefficient (|R|≥0.5, p < 0.05). A Spearman’s correlation was calculated and plotted using R (version 3.5.0, corrplot package).
Statistical Analysis
The quantitative data were analyzed using GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA) and are presented as the mean ± SEM. The differences between the groups were compared using a two-way ANOVA and the Tukey–Kramer test. The significance of the comparisons between the groups for the non-parametric and parametric data with abnormal distributions was determined using the Kruskal–Wallis test, followed by the Mann–Whitney test (SPSS 11.5; IBM Corporation, Armonk, NY, USA). The results of the alpha diversity analysis of the cecal microbiota abundance and composition are expressed as the mean ± SD. A linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe) of the cecal microbiota abundance and composition was based on the Kruskal–Wallis and Wilcoxon tests, and the LDA score threshold was 4.0–5.0. Statistical significance was set at p <0.05.
RESULTS
HPLC-TOF-MS/MS Analysis of SHD
The main components of SHD, the SHD-containing serum, and the pure standard substances are presented in Figure 3. The following seven major components were identified in the SHD extract: 1) paeoniflorin, 2) liquiritin, 3) naringin, 4) hesperidin, 5) neohesperidin, 6) palmatine chloride, and 7) Saikosaponin A (Table 1). In addition, we identified naringin, neohesperidin, and palmatine chloride in the SHD-containing serum.
[image: Figure 3]FIGURE 3 | Total ion chromatograms (TICs) for SHD, the SHD-containing serum, and the standard substances. (A) The TIC for SHD in the positive mode. (B) The TIC for SHD in the negative mode. (C) The TIC for the control serum in the positive mode. (D) The TIC for the SHD-containing serum in the positive mode. (E) The TIC for the standard substances in the positive mode. (F) The TIC for the standard substances in the negative mode. (G) The ion intensity of the three prototype components identified in the SHD-containing serum. The numbers marked in the figure correspond to (1) paeoniflorin, (2) liquiritin, (3) naringin, (4) hesperidin, (5) neohesperidin, (6) palmatine chloride, and (7) Saikosaponin A.
TABLE 1 | Herbal sources and retention times of seven components in SHD
[image: Table 1]SHD Maintains Weight Gain and Improves the Fecal Disorder of CUS Model Rats
The body weight changes in the rats mainly reflected the food intake level, metabolic status, gastrointestinal digestion, and absorption function of each of the rats. After inducing chronic stress, the feeding behavior of rats often changes, and this behavioral change was manifested as a reduction in body weight gain (Keser et al., 2020). The body weights of the rats in all the groups showed an increasing trend during the interventions (Figure 2B). The weight gain for the model group decreased from day 1 to day 28 compared with that of the control group (p < 0.01, Supplementary Table S4). However, the weight gain for the SHD-L and SHD-H groups increased significantly compared with the model group (p < 0.05 or p < 0.01), whereas the SNS group exhibited a slight reduction in body weight gain compared with the model group. Although there was not a significant difference between the FOS group and the model group, the FOS group still showed an upward trend in weight gain. On the other hand, both SHD-L and SHD-H alleviated the CUS-induced reduction in body weight gain, and SHD-H had a better effect on maintaining a healthy body weight gain (Figure 2C).
The Bristol stool scale divides stool samples into seven categories: types 1 and 2 indicate constipation (score 1); types 3 and 4 are ideal (score 2); type 4 is the easiest shape to defecate. Types 5–7 indicate possible diarrhea (score 3). The fecal Bristol score and fecal moisture content can reflect the frequency of defecation, fecal pattern, and intestinal function in rats (Li et al., 2012). As shown in Supplementary Table S4, decreased Bristol scores were observed for the CUS model rats compared with those for the control group (p < 0.01). Following the SHD-H treatment, the Bristol score and fecal moisture content for the rats were elevated compared with those of the model group (p < 0.01) (Figures 2D,E). There was not a significant difference in the fecal moisture content for the SNS and FOS groups compared with the model group; however, there was still an increasing trend. In short, these results indicate that SHD-H can improve fecal disorders and maintain weight gains in CUS model rats.
SHD Improves Cecum Mucosal Injury in CUS Model Rats
To assess whether SHD can ameliorate cecum mucosal injury, we used H&E staining to determine the changes in the pathophysiological characteristics of the rats (Kolacz et al., 2019). As shown in Figures 4A,B, the cecal structure of the rats in the control group was intact, and the cecum mucosal folds were well arranged. In the CUS group, the epithelial structure was destroyed, the intestinal villi were ruptured, and the cross-sectional area of the cecum crypts was reduced. Moreover, inflammatory cell infiltration was observed in the cecum mucosa and muscular layer. Compared with the CUS group, the inflammatory cell infiltration and degree of cecum mucosa damage were both reduced in the SHD, SNS, and FOS groups to varying degrees. The cross-sectional area of the intestinal crypts in the SHD-H group was enlarged. A small amount of inflammatory cell infiltration can also be seen in the submucosa, and the intestinal villi remain continuous. Partial mucosal epithelial rupture and mucosal and submucosal infiltration of a small number of inflammatory cells were observed in the SNS group. The cecum mucosa folds continuously in the FOS group, and a small number of inflammatory cells are invading the cavity. As shown in Figure 4C, after 3 weeks of exposure to CUS, the cecum crypt depth increased significantly compared with that of the control group (p < 0.01), while the SHD-L, SHD-H, SNS, and FOS treatments markedly reversed the cecum crypt depth increase (p < 0.05 or p < 0.01). In addition, the cecum crypt density decreased significantly (p < 0.05) in the CUS model compared with the control group, but the SHD-H treatment completely reversed the reduction (p < 0.01) (Figure 4D). These results indicate that SHD can ameliorate cecum mucosal injury in CUS model rats.
[image: Figure 4]FIGURE 4 | SHD alleviates cecum mucosal histopathology and improves cecum mucosal injury in CUS model rats. (A) Sections stained with H&E staining to assess the cecum mucosal injury (×100). Scale bar = 50 μm. (B) Sections stained with H&E to assess the cecum mucosal injury (×200). Scale bar = 50 μm. (C) Quantification of the mean cecum crypt depths (mm). (D) Quantification of the mean cecum crypt densities (n/mm2). The data are expressed as the mean ± SEM, n = 5. #p < 0.05, ##p < 0.01 vs. the control group. *p < 0.05, **p < 0.01 vs. the model group. Δp<0.05, ΔΔp<0.01 vs. the FOS group.
SHD Reverses CUS-Induced Depressive and Anxiety-Like Behaviors in CUS Model Rats
We compared the alterations in the depressive- and anxiety-like behaviors of the six rat groups using SPT, OFT, and FST. The SPT is an effective quantitative index for evaluating anhedonia (Liu et al., 2018). The effects of SHD on the sucrose preference of the CUS rats during the SPF are shown in Figure 2F (Supplementary Table S5). The 21-day stress procedure with separation caused a significant decrease in the sucrose preference of the CUS model group compared with the control group (p < 0.01), indicating that the CUS model was successfully created. The sucrose preferences increased (p < 0.01) in the SHD-L, SHD-H, FOS, and SNS groups compared with the model group. SHD-H showed the strongest effect on restoring the sucrose preference of the CUS rats.
The OFT is a method that is used to evaluate the autonomous and exploratory behaviors exhibited by experimental animals, as well as the stress they experience, when they are placed in a new environment; the test is based on the frequency and duration of certain behaviors (Roth and Katz, 1979). As shown in Figures 2G,H, and I (Supplementary Table S6), the model group exhibited a shorter total movement distance (p < 0.05), longer stationary time (p < 0.05), and fewer central areas crossing the lattice (p < 0.01) compared with the control group. After the SHD-H intervention, we observed a longer total movement distance, shortened stationary time, and increased number of central areas crossing the lattice (p < 0.05) for the rats compared with the model group. There was no significant difference in the OFT results among the SNS, FOS, and model groups.
The FST is a negative stress experiment designed to make use of the inability of animals to escape from harsh environments, which leads to desperation behaviors (Fitzgerald et al., 2019). As shown in Figure 2J (Supplementary Table S5), the model group showed a much longer immobility time (p < 0.05) compared with the control group. The SHD-L group (p < 0.05) showed a marked reduction in the total immobility time compared with the model group, while the SNS and FOS groups showed no differences. There was not a significant difference in the immobility time for the SHD-H group compared with the model group, although there was still a markedly decreasing trend. These results indicate that SHD can reverse depressive- and anxiety-like behaviors in CUS model rats with a better efficacy compared with SNS.
SHD Remodels Cecal Microbiota Dysbiosis of CUS Model Rats
We sequenced the V3–V4 region of the 16S rRNA gene of 49 samples from the six groups of rats, which yielded 2,888,146 high-quality reads for subsequent analysis, as an average of 20,351 sequences per sample (Supplementary Table S7). A total of 1,326 OTUs were generated through direct denoising, and 1,318 OTUs were obtained by drawing out the sample sequence according to the minimum number of sample sequences. A rank–abundance curve showed that the OTU classification level of the cecal contents from the rats in each group was higher in species richness and uniformity, and the proportion of some of the dominant microbiota was higher (Supplementary Figure S1). A pan-analysis indicated that the sample was sufficient, and the total bacterial species richness was high (Supplementary Figure S2). A core analysis indicated that the numbers of core microbiota in the cecal contents from the rats in each group was different (Supplementary Figure S3). The alpha diversity, as calculated using the Simpson and Chao indices, indicated that the CUS model led to greatly reduced microbiota populations and diversity relative to the control group, while the SHD-H and SNS treatments reversed this imbalance to varying degrees (Figures 5A,B and Supplementary Table S8). FOS promotes the proliferation and activity of beneficial bacteria in the intestine, although excessive FOS intake will disturb the original balance of the intestinal microbiota and reduce diversity. This may explain the poor results for the FOS group in this part of the analysis (Ten et al., 2003).
[image: Figure 5]FIGURE 5 | SHD remodels the cecal microbiota dysbiosis of CUS model rats. (A) Effect of SHD on the alpha diversity of the cecal contents from the rats in each group (n = 7–8), the Simpson index of the operational taxonomic unit (OTU) level. (B) Effect of SHD on the alpha diversity of the cecal contents from the rats in each group (n = 7–8), the Chao index of the OTU level. (C) Effect of SHD on the microbiota abundance (phylum level) in the rats in each group (n = 7–8). (D) Effect of SHD on the microbiota abundance (genus level) in the rats in each group (n = 7–8). (E) A principal coordinates analysis (PCoA) map based on the unweighted Unifrac matrix and Bray–Curtis dissimilarity. (F) An analysis of similarities of the distance calculated at the OTU level for each group. (G) Comparison of the relative microbiota abundance (phylum level) in the cecal contents from the rats in each group (n = 7–8). (H) Comparison of the relative microbiota abundance (genus level) in the cecal contents from the rats in each group (n = 7–8). (I) A linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe) of the different microbiota in the cecal contents from the rats in each group, from the phylum level to the genus level (LDA score 3). The data are expressed as the mean ± SD. ∗Indicates statistical significance (∗0.01 < p ≤ 0.05, ∗∗0.001 < p ≤ 0.01, ∗∗∗p ≤ 0.001).
To understand the impact of SHD on the cecal microbiota, we further analyzed two different cecal microbiota taxonomic levels. At the phylum level, the CUS model rats showed a reduction in the relative abundance of Bacteroidetes and Proteobacteria and an increase in the abundance of Firmicutes. In contrast, SHD-H, SNS, and FOS significantly increased the levels of Bacteroidetes and decreased the levels of Firmicutes in the CUS model rats (Table 2 and Figure 5C). At the genus level, the distribution of microbiota among the different samples showed both similarity and distinctiveness. The CUS model rats showed an increase in the relative abundance of Lactobacillus and Lachnospiraceae_NK4A136_group and a reduction in the abundance of Prevotellae_9, Roseburia, Blautia, and Prevotella_1. In contrast, SHD-H and FOS significantly decreased the relative abundance of Lactobacillus and Lachnospiraceae_NK4A136_group and increased the abundance of Prevotellae_9, Roseburia, Blautia, and Prevotella_1 (Table 3 and Figure 5D).
TABLE 2 | Effect of SHD on bacterial abundance (by phylum) in each group of rats (%, n = 7–8)
[image: Table 2]TABLE 3 | Effect of SHD on bacterial abundance (by genus) in each group of rats (%, n = 7–8)
[image: Table 3]A principal coordinates analysis revealed a distinct shift in the cecal microbiota composition in the CUS model rats treated with SHD-H, SNS, and FOS compared with the CUS rats (Figure 5E). The analysis of similarities (R = 0.4050, p = 0.0010) shows that the differences between the groups are more significant than the differences within the groups (Figure 5F). A LEfSe analysis was applied at the phylum and genus levels to determine the key microbial taxa that were differentially represented in the CUS model rats and the rats exposed to the various treatments. Ten key phyla and ten key genera were identified in the six groups (Figures 5G,H). As shown in Figure 5I, the cecal microbiota, such as Firmicutes, Lactobacillaceae, and Bacteroides, are taking part in distinguishing control from CUS model rats. Notably, Roseburia, Tenericutes, and Fusicatenibacter play vital roles in the SHD-treated groups, while the specific bacterial taxa in the SNS- and FOS-treatment groups were Bacteroides_S24_7_group and Prevotella_1.
To investigate the cecal microbiota functions associated with the SHD treatment, we used the PICRUSt software package to analyze the 16S rRNA gene profiles. When the data were analyzed using the COG database (Supplementary Figure S4), the microbiota functions were found to be mainly related to carbohydrate transport and metabolism, transcription, and amino acid transport and metabolism. When the Tax4Fun software package was used (Supplementary Figure S5), a KEGG pathway analysis showed that the predicted function of the microbiota was associated with carbohydrate metabolism, membrane transport, and the immune system. Collectively, these results indicate that CUS is associated with cecal microbiota disturbances, while SHD, SNS, and FOS remodel cecal microbiota dysbiosis in vivo. Notably, the abundance and proportion of the cecal microbiota in the SHD-H group were the closest to those of the control group.
SHD Regulates NLRP3 Inflammasome Expression in CUS Model Rats
Disturbances in the intestinal microbiota and immune function of the intestinal mucosa are associated with the development of gastrointestinal dysfunction (Weiss and Hennet, 2017). When the intestinal microbiota is disturbed, the intestinal mucosal barrier can be damaged. This causes the bacteria to come into contact with the submucosal immune cells, which leads to intestinal mucosal NLRP3 inflammation activation (Inserra et al., 2018). We investigated the expression of the NLRP3 inflammasome in the serum using ELISA to determine whether SHD could inhibit NLRP3 inflammation in the rats. As shown in Figures 6A,B (Supplementary Table S9), the serum NLRP3 and caspase-1 levels in the CUS model group were significantly higher than those in the control group (p < 0.01). However, after treatment with SHD-L, SHD-H, or SNS, the serum NLRP3 and caspase-1 levels were significantly decreased compared with the model group (p < 0.01 and p < 0.05, respectively). As shown in Figure 6C (Supplementary Table S9), the serum IL-1β level in the model group was also higher than that of the control group (p < 0.01). As shown in Figure 6D, the serum IL-18 level in the model group was lower than that of the control group (p < 0.01). After the SHD-H, SNS, and FOS treatments, we observed lower IL-1β levels and higher IL-18 levels in the rats (p < 0.01 and p < 0.05, respectively). Compared with the FOS group, the SHD-H group showed significantly better efficacy for regulating the release of the NLRP3 inflammasome (p < 0.01). Our results are consistent with the findings that cecal microbiota disturbances caused by CUS are related to the NLRP3 inflammasome (Hao et al., 2021), and SHD can regulate the expression of the serum NLRP3 inflammasome, as well as that of the downstream IL-1β and IL-18 in serum.
[image: Figure 6]FIGURE 6 | SHD reduces the CUS-induced expression of NOD-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing a CARD domain (ASC), caspase-1, interleukin-1β (IL-1β), and IL-18 in the serum and cecum mucosa and the activation of the Toll-like receptor 4 (TLR4)/nuclear factor (NF)-κB signaling cascades. (A) Serum levels of NLRP3 in each group. (B) Serum levels of caspase-1 in each group. (C) Serum levels of IL-1β in each group. (D) Serum levels of IL-18 in each group (n = 5). (E) Relative mRNA expression levels of NLRP3 in the cecal tissue. (F) Relative mRNA expression levels of ASC in the cecal tissue. (G) Relative mRNA expression levels of caspase-1 in the cecal tissue. (H) Relative mRNA expression levels of IL-1β in the cecal tissue. (I) Relative mRNA expression levels of IL-18 in the cecal tissue. The 2−ΔΔCt method was used to analyze the relative gene expression (n = 4–5). (J) Positive area expression levels of NLRP3 and ASC in the cecal tissue. (K) Positive area expression levels of NLRP3 and caspase-1 in the cecal tissue (×200) using immunofluorescence. Scale bar: 50 μm (n = 4–6). (L) Western blot assays were performed to evaluate the expression levels of TLR4, p-NF-κB, NF-κB, and myeloid differentiation factor 88 (MyD88) in the cecal tissue of the control, model, SHD-L, SHD-H, SNS, and FOS group rats. β-Actin was used as the loading control. (M) Quantitative analysis of the relative expression levels of TLR4 in the cecal tissue. (N) Quantitative analysis of the relative expression levels of p-NF-κB/NF-κB in the cecal tissue. (O) Quantitative analysis of the relative expression levels of MyD88 in the cecal tissue (n = 3). The data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01 vs. the control group; #p < 0.05, ##p < 0.05, vs. the CUS model group; △p < 0.05, △△p < 0.05, vs. the FOS group.
To evaluate whether SHD influences the NLRP3 inflammasome and exerts its therapeutic effects in cecal tissue, we tested the mRNA levels of the NLRP3 inflammasome and its associated inflammatory cytokines (IL-1β and IL-18) in the cecal tissues using RT-PCR. Figures 6E,G–I (Supplementary Table S10) illustrate that the NLRP3, caspase-1, IL-1β, and IL-18 mRNA levels were significantly increased in the CUS model rats (p < 0.01 or p < 0.05), but they were downregulated after treatment with SHD-H and SNS. There was not a significant difference in the ASC mRNA levels between either the SHD-H group or the SNS group and the model group (Figure 6F). Furthermore, we determined the protein expression levels of the NLRP3 inflammasome using an immunofluorescence co-localization analysis of the cecal mucosa. As shown in Figures 6J,K (Supplementary Tables S11 and S12), the NLRP3, ASC, and caspase-1 positive areas in the cecal mucosa of the model group were increased compared with the control group (p < 0.05). After the SHD-H treatment, the NLRP3 and caspase-1 positive areas were decreased compared with those detected in the model group (p < 0.05). However, there was not a significant difference in the NLRP3 and ASC positive areas between the FOS and model groups. These results indicate that SHD-H can inhibit cecal tissue inflammation by regulating the abnormal expression of the NLRP3 inflammasome, as well as that of the downstream inflammatory factors IL-1β and IL-18.
NLRP3 inflammasome activation is closely related to TLR signaling (Jo et al., 2016), which is altered by the host intestinal microbiota during chronic intestinal inflammation (Burgueño and Abreu, 2020). TLR4 activates the transcription factor NF-κB through MyD88, which is critical for the expression of cytokines, chemokines, and costimulatory molecules, such as TNF-α, IL-1β, and IL-18 (Kawai and Akira, 2011; Kawasaki and Kawai, 2014). We examined the expression of proteins associated with the NLRP3 inflammasome in the TLR4 signaling pathway, including TLR4, p-NF-κB, NF-κB, and MyD88, using western blotting. As shown in Figure 6M, the TLR4 expression level in the cecal tissue of the model group was significantly decreased (p < 0.05) compared with that of the control group and increased in the SHD-L and SNS groups (p < 0.01). Notably, there was not a significant increase in the TLR4 expression after the SHD-H intervention compared with that of the model group. The p-NF-κB/NF-κB and MyD88 protein expression levels were increased in the model group in comparison with the control group (p < 0.01 and p < 0.05, respectively), and they were further upregulated by the SHD-L and SHD-H interventions (p < 0.01 and p < 0.05, respectively), while they were downregulated by FOS (p < 0.01 and p < 0.05, respectively) in comparison with the model group (Figures 6N,O). These results indicate that SHD can modulate the TLR4/NF-κB signaling pathway, which is involved in NLRP3 inflammasome expression and the downstream production of IL-1β and IL-18 in serum and cecal tissue.
Relationship Between the Cecal Microbiota and NLRP3 Inflammasomes in Cecal Tissue and Serum
To understand whether SHD affects the NLRP3 inflammasome and the release of downstream IL-1β and IL-18 through regulation of the cecal microbiota, we analyzed the correlations between the biomarker microbiota and the NLRP3 inflammasome in the cecal tissue and serum of the CUS rats. A Spearman’s correlation test was performed on the pooled data set, and the results are shown in Supplementary Table S13. As shown in Figure 7A, at the phylum level, the abundance of Firmicutes was positively correlated with the expression of both caspase-1 and IL-18 mRNA (R = 0.289, 0.288, p = 0.044, 0.045, respectively). The Bacteroidetes abundance was negatively correlated with the expression of NLRP3, caspase-1, and IL-18 mRNA (R = −0.287, −0.333, −0.289, p = 0.045, 0.019, 0.037, respectively). Other phyla, such as Saccharobacter, were positively correlated with the expression of NLRP3, caspase-1, and IL-1β mRNA (R = 0.346, 0.496, 0.562, p = 0.047, 0.00001, 0.0003, respectively); Tenericutes was positively correlated with the expression of NLRP3, caspase-1, and IL-1β mRNA (R = 0.285, 0.587, 0.424, p = 0.015, 0.0003, 0.002, respectively). At genus level (Supplementary Table S14, and Figure 7B), norank_f_Bacteroidales_S24-7_group was negatively correlated with the expression of NLRP3 mRNA (R = -0.384, p = 0.00648), while Prevotella_9 was negatively correlated with IL-1β mRNA expression (R = −0.355, p = 0.012). Lachnospiraceae_NK4A136_group was positively correlated with the expression of both caspase-1 and IL-18 mRNA (R = 0.456, 0.494, respectively, p < 0.001 for both), and Roseburia was negatively correlated with IL-18 mRNA expression (R = −0.289, p = 0.0436).
[image: Figure 7]FIGURE 7 | A Spearman’s correlation between the cecal microbiota and NLRP3 inflammasome in the cecum tissue and serum. (A) Correlations between the cecal microbiota (phylum level) and NLRP3 inflammasome mRNA in the cecum tissue. (B) Correlations between the cecal microbiota (genus level) and NLRP3 inflammasome mRNA in the cecum tissue. (C) Correlations between the cecal microbiota (phylum level) and NLRP3 inflammasome in the serum. (D) Correlations between the cecal microbiota (genus level) and NLRP3 inflammasome in the serum. R value, the closer this value is to 1, the more positive the correlation, while the closer it is to −1, the more negative the correlation. (p ≤ 0.001) indicates an extremely significant correlation, (0.001 < p ≤ 0.01) indicates a very significant correlation, (0.01 < p ≤ 0.05) indicates a significant correlation. The data are expressed as the mean ± SEM, (n = 6).
Interestingly, we observed different correlations between the NLRP3 inflammasome expression and the microbiota in the serum; this was particularly true for Firmicutes, which was positively associated with NLRP3, caspase-1, and IL-1β (R = 0.353, 0.471, 0.505, p = 0.01275, 0.00064, 0.00021, respectively), but inversely related to the IL-18 expression (R = −0.408, p = 0.00362) (Supplementary Tables S15 and S16 and Figures 7C,D). This analysis revealed that the inflammasomes and the inflammation markers IL-1β and IL-18 seem to be strongly influenced by the cecal microbiota, as we observed significant correlations with most of the bacterial groups (i.e., Firmicutes, Bacteroidetes, Saccharobacter, and Tenericutes) investigated. However, part of the cecal microbiota was not correlated with the inflammasome, suggesting that some of the bacterial groups in the cecum have different functions that are unlikely to influence inflammation. In summary, these results suggest that SHD regulates cecal microbiota disturbances and inhibits NLRP3 inflammasomes in CUS model rats to ameliorate cecum mucosal injury.
DISCUSSION
The adaptive stress response can improve an individual’s adaptability and survivability when they are exposed to an onerous situation; however, excessive or chronic stress can markedly disrupt body homeostasis, leading to varying degrees of physiological, psychological, and gastrointestinal dysfunction (Molina-Torres et al., 2019). In this study, we found that the weight gains experienced by the chronic stress model rats were significantly decreased, and they were accompanied by a fecal trait disorder, which is consistent with previous reports (González-Torres and Dos, 2019; Li et al., 2019). In addition, we found that the higher cecum crypt depths and lower cecum crypt densities that we observed under light microscopy might explain the fecal trait disorders. However, physical and psychological comorbidities are often characteristic of chronic stress-related diseases (Averous et al., 2020). In our investigation, after 21 days, the CUS model rats showed various depressive- and anxiety-like behavior changes, as assessed through the SPT, FST, and OFT. We determined that these behavioral changes, which are similar to those that accompany the liver-stomach disharmony syndrome described in traditional Chinese medicine, are characteristics that are inherent to the CUS model rats, suggesting that the model development was successful. We observed that the weight gains, fecal disorders, cecum mucosal injuries, and depressive- and anxiety-like behaviors in the CUS model rats improved significantly with the SHD-H and SNS treatments. Our pharmacodynamic observations revealed that SHD-H could maintain weight gains, improve fecal disorders, and reverse depressive-like behaviors, and these benefits may be associated with the effects of relieving cecum mucosal injury.
Differences in anxiety-related behaviors are commonly reported in mice with altered gut microbiomes, which implicate the gut microbiota in stress (Park et al., 2013). The gut microbiota is mainly dominated by Firmicutes and Bacteroidetes, although Proteobacteria, Actinobacteria, Verrucomicrobia, and Fusobacteria are also present in the colon and cecum (Averous et al., 2020). Subtle alterations in the Firmicutes/Bacteroidetes ratio have been described in studies of patients with irritable bowel syndrome (correlated with clinical depression and anxiety) (Jeffery et al., 2012); irritable bowel syndrome is also associated with chronic low-grade inflammation (Akiho et al., 2010). Furthermore, in a previous study, a noteworthy decrease in the abundance of Bacteroidetes and increase in Firmicutes were detected in a chronic unpredictable mild stress model group, and these results were reversed with FOS treatment (Li et al., 2019). Such gut microbiome alterations may be indicators of drug therapy effectiveness (Zhu et al., 2019). The main function of Firmicutes in the intestine is to hydrolyze carbohydrates and proteins (Bäckhed et al., 2005). Bacteroides mainly act on steroids, polysaccharides, and bile acids, which contribute to protein synthesis and the absorption of polysaccharides (Xu et al., 2003). Commensal Lactobacillus species can restore homeostasis in intestinal disorders; thus, they play a protective role against inflammatory diseases. A recent study showed that L. acidophilus suppressed proinflammatory cytokines, such as IL-6, TNFα, and IL-1β in colon tissues (Park et al., 2018). The Lachnospiraceae_NK4A136_group, unclassified_f_Lachnospiraceae belongs to the Lachnospiraceae family. Lachnospiraceae is one of the most abundant families within the Firmicutes phylum, and it is most often associated with the beneficial production of short-chain fatty acids (SCFAs) from complex polysaccharides (Vacca et al., 2020). Prevotella_9 and Prevotella_1 both belong to the Prevotellaceae family, which is also known to produce SCFAs. SCFA receptors regulate gut primarily through gene expression (e.g., inhibition of the nuclear transcription factor NF-κB, downregulation of pro-inflammatory factors, and inhibition of intestinal inflammation) (Duncan et al., 2009). Blautia and Roseburia represent the genera most involved in the control of gut inflammatory processes and immune system maturation (La Rosa et al., 2019; Liu et al., 2021). In the present investigation, our findings concerning the gut microbiota are consistent with these reports. We found that the species diversity and richness of the cecal microbiota in the CUS model rats were significantly decreased, while SHD-H increased this diversity and richness, and it did so with better efficacy compared with SNS. We also found that the Firmicutes, Bacteroidetes, and Proteobacteria abundance ratio balance at the phylum level was restored in the CUS model rats after the SHD-H treatment. Specifically, Lactobacillus and Lachnospiraceae_NK4A136_group in the Firmicutes phylum were decreased, while Roseburia and Blautia were increased; in addition, Prevotella_9 and Prevotella_1 were increased in the Bacteroidetes phylum. Furthermore, SHD-H had a better effect on regulating the abundance ratio balance of the cecal microbiota than did FOS. We concluded that the CUS-induced cecal microbiota imbalance can be reversed by treatment with SHD-H. This effect may be related to the reduction of intestinal inflammation and release of inflammatory factors.
Dysbiosis of the gut microbiota increases intestinal permeability, leading bacterial metabolites, such as endotoxin (lipopolysaccharide, LPS), to stimulate intestinal mucosal TLRs (Larabi et al., 2020). LPS activates the NLRP3 inflammasome via recognition by TLRs, resulting in the production of proinflammatory factors, such as IL-1β and IL-18 (Kelley et al., 2019), and acceleration of the gastrointestinal dysfunction process (Hirota et al., 2011). Caspase-1 is a cysteine protease that cleaves pro-IL-1β and pro-IL-18 into their mature isoforms in response to stressful stimuli such as psychosocial and microbial stress (Lamkanfi et al., 2007). IL-1β and IL-18 are involved in maintaining intestinal integrity and epithelial repair, while aberrant IL-1β and IL-18 signaling can be detrimental to gut function (Nowarski et al., 2015). However, deregulation of pro-inflammatory cytokine production can lead to immunopathology and immune responses. In our investigation, we found that the serum levels of NLRP3, caspase-1, and IL-1β were significantly decreased in the CUS model rats after the SHD, SNS, or FOS treatments, while the IL-18 levels were significantly increased. IL-18, which is a member of the IL-1 family of cytokines, has pro-inflammatory and immune defense enhancing properties (Kaplanski, 2018). The IL-18 level in the model group was lower than that of the control group, suggesting that chronic stress can reduce IL-18 levels, which may be related to declines in immune defense properties. However, the IL-18 levels of the SHD-H, SNS, and FOS groups increased, indicating that these drug treatments can enhance the anti-stress and immune responses. Activation of hypothalamic–pituitary–adrenal axis (HPA axis) and stress-induced changes in the levels of corticosteroids and corticosterone may regulate the inflammatory response (Shuei and Bruno, 2008), making the IL-1β and IL-18 serum level change trends inconsistent. SHD-H and FOS had a significant effect on reversing these changes. However, in the cecal tissue, the relative expression of the NLRP3, ASC, caspase-1, IL-1β, and IL-18 mRNAs was significantly decreased by treatment with either SHD-H or SNS, and both treatment groups showed consistent results in the expression of the positive area. Therefore, we determined that SHD-H may exert its effects on gastrointestinal function regulation by adjusting the intestinal inflammation imbalance, inhibiting the activation of the NLRP3 inflammasome-driven pathways (including ASC and caspase-1), and regulating the abnormal expression of IL-1β and IL-18 in the serum and cecum.
The TLR4 signaling pathway is a crucial upstream regulator of NLRP3 inflammasomes (Silk et al., 2017). The NLRP3 inflammasome activation pathway includes two stages: initiation and activation. The pathogen-associated molecular patterns and damage-associated molecular patterns are mainly identified by TLR4 during the initiation phase. NF-κB is activated by the downstream signaling molecule MyD88. Finally, the expression of NLRP3 and pro-IL-1β is induced. During the activation stage, multiple stimuli promote the assembly of the NLRP3 inflammasome complex and activate the TLR4 signaling pathway (Wang and Hauenstein, 2020). Indeed, our results showed that the TLR4 protein expression level in the cecal tissue of the CUS model rats was markedly downregulated, while the p-NF-κB/NF-κB and MyD88 protein expression levels were upregulated. In addition, the TLR4 protein expression levels in the cecal tissue were increased after treatment with SHD-L, SHD-H, and SNS, and the p-NF-κB/NF-κB and MyD88 proteins were still increased. However, an opposite trend was observed for the FOS. The reason for these results may be that the CUS model is different from the acute inflammatory injury model, and the SHD mechanism may be partially different from that of FOS. In addition, TLR4-related mechanisms can mediate stress-induced adaptations through multi-directional communication between the immune, neural, and endocrine systems during stress (Liu et al., 2014). We can assume that SHD and SNS can increase the protein expression of TLR4 in the cecal tissue to enhance the adaptations to chronic stress. At the chronic stress stage, the sustained activation of the HPA axis demonstrates cortisol resistance, which upregulates NF-κB signaling. NF-κB increases the proinflammation cytokines, which in turn reduce the inflammatory responses (Tian et al., 2014). There is the bidirectional communication between the gut microbiota and the HPA axis, which controls various body processes in response to stress (Farzi et al., 2018). This may explain the continued increases in the p-NF-κB/NF-κB and MyD88 protein levels after the SHD and SNS treatments, both of which may modulate the network regulation of the cecal microbiota and HPA axis to affect the TLR4/NF-κB signaling pathway. Therefore, we determined that NLRP3 inflammasome can be adjusted by treatment with SHD or SNS through multiple pathways and targets, both in the serum and cecal tissue, and the TLR4/NF-κB signaling pathway may be one of those pathways.
Moreover, the extent to which the NLRP3 inflammasome is activated appears to be greatly influenced by the composition and function of the gut microbiome (Wong et al., 2016). Interestingly, upregulation of the NLRP3 inflammasome pathway disrupts the gut microbiota by influencing pro-inflammatory signaling, which modulates the gut microbiota composition by increasing the representation of bacterial clades conducive to pro-inflammatory signaling (e.g., Proteobacteria, Allistipes, Prevotella, Oscillibacter, Actinobacteria) and decreasing the representation of bacterial clades conducive to anti-inflammatory signaling (e.g., Firmicutes, Faecalibacterium, Lachnospiraceae, and Bacteroidetes) (Inserra et al., 2018). In addition, Proteus mirabilis (a Proteobacteria phylum member) triggers NLRP3 activation and IL-1β production (Seo et al., 2015). Conversely, the abundance of Lactobacillus, a genus involved in inflammasome activation via caspase-1-mediated IL-1β production, was increased (Zheng et al., 2016).
FOS can regulate intestinal microbiota disturbances, inhibit the expression of the NLRP3 inflammasome and the intestinal mucosal pre-inflammatory cytokines IL-1α and IL-1β to affect gastrointestinal function (Ferenczi et al., 2016), and improve mental and emotional abnormalities (Savignac et al., 2016). This is why FOS was used in the positive control group in this experiment, as these FOS characteristics aided in clarifying the SHD mechanism. Li et al. reported that moxibustion and probiotic treatments elicited similar effects by regulating intestinal host-microbial homeostasis and the expression of NLRP3 inflammasome-related factors (Li et al., 2021). However, little is known about how SHD regulates the intestinal microbiota and NLRP3 inflammasome signaling. In this study, our correlation analysis showed that Firmicutes, Bacteroidetes, Saccharobacter, Tenericutes (phylum level), norank_f_Bacteroidales_S24-7_group, Prevotella_9, Lachnospiraceae_NK4A136_group, and Roseburia (genus level) are biomarker microbiota, which are highly correlated with the NLRP3 inflammasome and downstream inflammatory factors (IL-1β, IL-18) in CUS model rats. We considered that SHD could regulate cecal microbiota and that they are highly correlated with the NLRP3 inflammasome and downstream inflammatory factors (IL-1β and IL-18) in CUS model rats. Therefore, we determined that SHD could regulate cecal microbiota to inhibit CUS-induced NLRP3 inflammasome activation.
Notably, compared with SNS, SHD-H provided superior efficacy in terms of maintaining weight gain, improving fecal traits, alleviating cecum mucosal injury, inhibiting NLRP3 inflammasome expression, and regulating the diversity, abundance, and proportion of the cecal microbiota. Although both SHD-H and FOS can remodel cecal microbiota dysbiosis, SHD-H has more obvious advantages in maintaining weight gain, improving cecum mucosal injury, reversing depressive- and anxiety-like behaviors, and regulating NLRP3 inflammasome expression in CUS model rats. Therefore, SHD-H provides an advanced therapeutic effect for the treatment of depression and gastrointestinal dysfunction caused by chronic stress.
CONCLUSION
The results of our study suggest that SHD can alleviate cecum mucosal injury and improve depressive- and anxiety-like behaviors by regulating the cecal microbiota and inhibiting the excessive activation of the NLRP3 inflammasome in the cecum and serum. Our work reveals the pharmacological mechanisms of SHD and provides a new therapeutic method for the prevention and treatment of psychosomatic comorbidities related to intestinal function disorders and depressive- and anxiety-like behaviors. SHD contains 10 traditional Chinese herbs, each of which contains complex chemical compounds. Therefore, it will be necessary to clarify which compounds in the SHD formulation have beneficial effects on stress-related diseases and what their precise targets are. In addition, because SHD metabolism in vivo is complicated, further studies are needed to identify the gut-derived metabolites and other metabolomic products that are involved in the relationship between gut microbiota dysbiosis and inflammasomes. Nevertheless, this study is far from sufficient, more investigations are needed, and a series of follow-up studies are underway in our laboratory.
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Evodiamine (EVO), an indole alkaloid derived from Rutaceae plants Evodia rutaecarpa (Juss.) Benth.、Evodia rutaecarpa (Juss.) Benth. Var. bodinieri (Dode) Huang or Evodia rutaecarpa (Juss.) Benth. Var. officinalis (Dode) Huang, has anti-inflammatory and anti-tumor activities. Our previous study found that EVO attenuates colitis by regulating gut microbiota and metabolites. However, little is known about its effect on colitis-associated cancer (CAC). In this study, the protective effects of EVO on azoxymethane (AOM)/dextran sulfate sodium (DSS)-induced colitis and tumor mice were observed, and the underlying potential mechanism was clarified. The results suggested that EVO ameliorated AOM/DSS-induced colitis by inhibiting the intestinal inflammation and improving mucosal barrier function. And EVO significantly reduced the number and size of AOM/DSS-induced colorectal tumors along with promoted apoptosis and inhibited proliferation of epithelial cell. Moreover, EVO promoted the enrichment of SCFAs-producing bacteria and reduced the levels of the pro-inflammatory bacteria, which contributes to the changes of microbiota metabolism, especially tryptophan metabolism. Furthermore, inflammatory response (like Wnt signaling pathway、Hippo signaling pathway and IL-17 signaling pathway) were effectively alleviated by EVO. Our study demonstrated that the protective therapeutic action of EVO on CAC is to inhibit the development of intestinal inflammation-cancer by regulating gut microbiota metabolites and signaling pathways of colon intestinal epithelial, which may represent a novel agent for colon cancer prevention via manipulation of gut microbiota.
Keywords: colitis-associated cancer, Evodiamine, gut microbiota, tryptophan metabolism, inflammatory signaling pathway
INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide, with high morbidity and mortality rates (Siegel et al., 2020). Studies have found that CRC may be affected by environmental factors (e.g., diet, smoking, alcohol), heredity (e.g. genetic mutations, microRNAs expression) and immune system (Chen et al., 2017). Accumulating evidences indicate that chronic inflammation of the colon may have a closely linked to the pathogenesis of CRC. Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), which is associated with an increased risk of CRC, may progress to colitis-associated colorectal cancer (CAC) (Rieder et al., 2017). While CAC is known to be related to inflammation, the specific mechanism of inflammation involved in the pathogenesis of CAC have not been clarified.
In recent years, new lines of evidence have shown that gut microbiota play a key role in the development of IBD and CRC (Drewes et al., 2016; Li et al., 2020). Studies have also shown that changes in microbial composition and diversity are associated with the progression of CAC. An analysis of five different IBD patient cohorts form five different countries revealed that there are major differences in the diversity and abundance of the gut microbiota between healthy individuals and IBD patients (Sankarasubramanian et al., 2020). Interestingly, similar to IBD patients, the microbiota composition of CRC patients had also similar changes, characterized by increased abundance of Proteobacteria and decreased Firmicutes (Gagniere et al., 2016). The adherent/invasive strains of Escherichia coli were highly abundant in the colonic mucosa of patients with colorectal carcinoma and adenoma (Wang Z. et al., 2019). Recently, an interesting study showed that a purified membrane protein derived from the probiotics Akkermansia muciniphila could blunt the occurrence of colitis associated tumors (Wang L. et al., 2020). A longitudinal study of a CAC mouse model has also showed a significant change in microbiota composition in the presence of chemically induced chronic intestinal inflammation (Liang et al., 2014). These findings suggest that the gut microbiota may serve as a pivotal mediator for the progression of intestinal diseases and regulate the composition of gut microbiota has emerged in the prevention of CAC.
CAC is a progressive process from inflammation to cancer, so the prevention of CAC is of vital importance. At present, one of the most prevalent treatments for IBD in clinical is administration of some agents, including 5-aminosalicylic acid, corticosteroids, biological agents and immunosuppressants (Gao et al., 2020). However, treatment with these drugs tends to increase the patient’s susceptibility to infection and leads to different adverse drug reactions (Gong et al., 2018). Once a malignant tumor is detected, total colectomy should be considered, but prophylactic surgery (proctocolectomy) does not always eliminate the risk of carcinogenesis (Sokol et al., 2014; Wang X. et al., 2019). Due to the limited efficacy and side effects of these therapies, alternative drugs that have the potential to treat both early inflammatory and late oncogenic stages should be developed; at the same time, the development from IBD to CRC is a long process, which provides an opportunity for intervention to inhibit the development of CRC.
Evodiamine (EVO), a quinolone alkaloid from the traditional botanical drug Evodia rutaecarpa (Juss.) Benth., Evodia rutaecarpa (Juss.) Benth. Var. bodinieri (Dode) Huang or Evodia rutaecarpa (Juss.) Benth. Var. officinalis (Dode) Huang (Chinese name: Wu-Zhu-Yu; Rutaceae), has been reported to have beneficial pharmacological properties, such as anti-obesity, anti-inflammation, anti-thrombotic and anti-cancer (Yu et al., 2016). It has been reported that the EVO inhibited high-fat diet-induced colitis-associated cancer in mice through regulating the gut microbiota (Zhu et al., 2020). And we have previously demonstrated that EVO can be effectively used to prevent and treat UC rats by regulating the gut microbiota and metabolism (Wang L. et al., 2020). Moreover, EVO could induce apoptosis and inhibit migration of colorectal cancer cells (Zhao et al., 2015). However, whether EVO inhibits the occurrence of colon cancer by inhibiting intestinal inflammation is still unclear, and the underlying mechanism has not yet been elucidated. The complex interaction between gut microbiota and anti-inflammatory and anti-tumor activities during CAC are also not fully understood.
Therefore, in this study with a mouse azomethanze (AOM)/sodium dextran sulfate (DSS)-induced colitis model and AOM/DSS-induced tumor model, we demonstrated that EVO treatment significantly protected against colitis, colon carcinogenesis and tumor growth. We want to know whether EVO affects the gut microbiota of CAC mice. Moreover, we also want to investigate if EVO changes metabolic activities and pathways after regulating the gut microbiota composition. On the other hand, we want to understand whether EVO impacts the gene-gene interaction of colonic epithelial cells after changing the composition of gut microbiota. This study can be considered as a reference for EVO to further study the mechanism of CAC, which is a promising agent for the prevention and treatment of CAC.
MATERIALS AND METHODS
Mice and AOM/DSS-Induced Colitis-Associated Colorectal Cancer
Specific pathogen-free (SPF) male C57BL/6 mice (6–8 weeks old, obtained from the Center of Laboratory Animal Science of Guangdong) were maintained in a specific sterile colony under a complete controlled condition (temperature 23 ± 2°C; humidity 50–70%; 12 h-light dark cycle and lighting at 8:00 am) and were allowed access to a commercial diet and water ad libitum.
For the early enteritis model, after a seven-day adaptation period, mice were randomly allocated to three groups (n = 12): Control group, AOM/DSS group and EVO group. AOM/DSS and EVO groups mice were intraperitoneally (i.p.) injected with 10 mg/ kg AOM (Sigma-Aldrich) at the start point of Week 1 and then received 2.5%DSS (MP Biomedical, 36,000–50000 MW) for 7 days. From the first day of the model induction, the mice of EVO group were gavaged with 40 mg/ kg Evodiamine (Meilunbio, MB5729), Control group and AOM/DSS group received orally 0.5%CMC-Na respectively daily for 18 days (Figure 1A), the dose of EVO was determined by the previous dose-effect relationship study in our research group (Wang MX. et al., 2020). Body weights were monitored daily and disease activity index (including weight loss, intestinal bleeding and stool consistency) (Supplementary Table S1) (Cooper et al., 1993). Feces samples were collected on 18th days and stored at -80°C for further analysis.
[image: Figure 1]FIGURE 1 | EVO alleviates colitis at the early stage of CAC. (A) Experimental protocol for model. (B) Body weight change. (C) Disease activity index score. (D–E) Colon length. (F) Histological scores. (G) H&E staining. (H) Inflammatory cytokines in colon. The results are presented as mean ± SD. #p < 0.05, ##p < 0.01, Control vs. AOM/DSS; *p < 0.05, **p < 0.01, EVO vs. AOM/DSS.
For advanced tumor model, after a seven-day adaptation period, mice were randomly allocated to three groups (n = 12): Control group, AOM/DSS group and EVO group. AOM/DSS and EVO groups mice were received a i.p. injection of 10 mg/ kg AOM and 7 days later, 2.5%DSS administration was repeated three times for whole test periods (Weeks 2, 5, and 8). From the first day of the model induction, the mice of EVO group were gavaged with 40 mg/ kg Evodiamine, Control group and AOM/DSS group received orally 0.5%CMC-Na respectively daily for 12 weeks (Figure 3A). During the study, body weights were measured every 3 days. Feces samples were collected on 84th days and stored at −80°C for further analysis.
The mice were euthanized, their colons were measured and quantified the gross tumors (Tumor size (mm) = diameter of tumor). 1.0–2.0 cm sections were dissected from distal-colon and either snap-forzen in liquid N2 for futher analysis, stored in RNA later for RNA extraction, or fixed in 4%paraformaldehyde for histology assessment. All animal experiments were approved by the institutional animal care and use committee and conducted in accordance with Care and Use of Laboratory Animals guidelines.
Histopathological Analysis
After fixation for 48 h by 4%paraformaldehyde, the formalin-fixed colon samples were buried in paraffin wax and 3-μm thick paraffin sections were stained with hematoxylin-eosin (HE) for histological analysis. Tissue pathology was scoring using previously described systems (Ranganathan et al., 2013). And images were measured under the microscope (Leica DM5000B, Leica, Germany).
Alcian Blue-Periodic Acid Sthiff Staining
To analyze goblet cells (GCs), the fixed colons were then stained using Alcian blue and periodic acid-Schiff (AB-PAS). Observation and taking photos were performed under standing microscope (BX53, Olympus, Japan). GCs were quantified using the Cell counter Image-Pro Plus 6.0 software and normalized to crypt numbers, the analysis was performed on 10 crypts per animal.Frontiers requires figures to be submitted individually, in the same order as they are referred to in the manuscript.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Staining
Apoptosis was detected by a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) according to the manufacturer’s protocol (Wanleibio). Images were visualized by Confocal Scanning Laser Microscope (ZEISS, Germany). We randomly selected five tumor sections for TUNEL detection, and TUNEL-positive cells were counted in images by Image-Pro Plus 6.0.
Immunohistochemistry Staining
Paraffin-embedded tissues were used for analyzing the expression of Ki-67. Tissue sections were deparaffinised and rehydrated using a graded ethanol series and distilled water, and then treated with 3%H2O2 in methanol for 30 min then washed with PBS, 10%normal goat serum incubated for 30 min. After washing, primary antibody Ki-67 (ab16667, 1:300) was applied to tissue overnight at 4°C. Sections were then washed in PBS three times and incubated with secondary antibodies. Following washing, sections were developed with DAB using a commercial kit (CoWin Biosciences), counterstained with hematoxylin, coverslipped. Finally, observation and taking photos were performed under standing microscope (BX53, Olympus, Japan). The proportion of Ki-67 positive cells was determined by counting immunostain positive cells, as a percentage to the total number of nuclei in the field. At least 1,000 cells were counted in five random microscopic fields, which was analysed by Image-Pro Plus 6.0.
Colon RNA Extraction and Real-Time PCR
Total RNA was extracted from colon tissues using Trizol reagent (TaKaRa) and quantified for cDNA synthesis. Quantitative real-time PCR reactions were performed using the CFX96 detection system (Bio-Plex) and SYBR Green (TIANGEN). The primers are listed in Supplementary Table S2. The expression levels were calculated with the 2−ΔΔCt method, and the Ct values were normalized using GAPDH as a reference gene.
16S rRNA Amplicon Sequencing
Feces on day 18 and 84 were used to detect changes in the gut microbiota of the mice. Bacterial DNA in feces was extracted by the Stool Genomic DNA Kit (QIAGEN, Germany) then amplified by qPCR using the primers: 338F (5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). All samples were sequenced using the 250-base pair paired-end strategy on the Illumina HiSeq 2,500 platform according to the manufacturer’s instruction. High-quality sequence reads were then analyzed using the Quantitative Insights Into Microbial Ecology (QIIME, 1.9.1, http://qiime.org/scripts/assign_taxonomy.html) software package and visualized using R software (Version 3.4.1). Functional contributions of the microbial communities were predicted based on OUT using R package Tax4Fun with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Asshauer et al., 2015).
Liquid Chromatography-Mass Spectrometry-Based Non-targeted Metabolomics Analyses
50 mg of feces was collected into a tube and added methanol-water (4:1, v/v), crushed by a high-throughput tissue crusher at low temperatures; vortexing and three cycles of ultrasound (10 min); placed at −20°C for 30 min; and centrifuged at 13,000 × g and 4°C for 15 min. The supernatants were subjected to metabolomics profiling. A quality control (QC) sample, made by mixing and blending equal volumes (10 μL) of each sample, was used to examine the entire analysis process instrument stability and ensure the reliability of the results.
LC-MS was performed on a Thermo UHPLC system equipped with a binary solvent delivery manager and a sample manger, coupled with a Thermo Q Exactive Mass Spectrometer equipped with an electrospray interface. LC conditions: Column: Acquity BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, United States). Solvent: Solvent A was aqueous formic acid (0.1% (v/v) formic acid) and Solvent B was acetonitrile/isopropanol (1/1) (0.1% (v/v) formic acid). The gradient was set as follows: 0–3 min, 5%B; 3–9 min, 20%B; 9–13 min, 95%B; 13.0–13.1 min, 95%B; 13.1–16 min, 5%B. Injection volume was 10 μL, flow rate was 0.4 ml/ min, and column temperature was set at 40°C. The mass spectrometric data was collected using a Thermo UHPLC-Q Exactive Mass Spectrometer equipped with electrospray ionization (ESI) source operating in either positive or negative ion mode.
The total ion chromatograms were collected and the ion selection, peak alignment, peak matching and filtering was carried out by Progenesis QI (Waters Corporation, Milford, United States). The online METLIN database (https://metlin.scripps.edu/) and HMDB database (http://www.hmdb.ca/) were used to identify metabolites. After normalization, data were exported to SIMCA V13.0 (Umetrics, Sweden) for multivariate data analysis. The differential compounds were screened by q value (p value adjusted by false discovery rate (FDR))≥0.05 and variable importance in the projection (VIP)≥1 from the cross-validated PLS-DA model. Finally, the biomarkers were analyzed by Metabolomics Pathway Analysis (MetPA) to describe the involved potential metabolic pathways.
Colon Transcriptomics
Total RNA was extracted from colon tissue using TRIzol® Reagent according the manufacturer’s instructions (Invitrogen) and genomic DNA was removed using DNase I (TaKara). Extract RNA, gene expression and data analysis was performed as our previous study (Wang MX. et al., 2020).
Statistical Analysis
The correlation between microbes and physiological index was calculated by Spearman correlation with SPSS (version 21.0). All the values in the tables and figures are expressed as the mean ± SD. Statistical analyses were carried out using t-test between two groups and one-way ANOVA followed by Tukey-Kramer post-hoc test among multiple groups using SPSS software. A difference of p < 0.05 was considered as statistical significance.
RESULTS
EVO Suppressed AOM/DSS-Induced Colitis in Mice
To determine whether EVO could attenuate the acute colitis of CAC, AOM-induced mice were challenged with 2.5%DSS for 7 days, and EVO was gavaged throughout the experiment (Figure 1A). Disease activity index (DAI) score, including body weight loss, presence of blood in stool and diarrhea, were observed after the DSS challenge (Figure 1C). Treatment with EVO relieved the body weight loss and decreased the DAI score (Figures 1B,C). In addition, the shortened colon length induced by DSS was significantly increased by EVO administration (Figures 1D,E). HE staining showed that AOM/DSS induced the destruction of intestinal epithelial structure, massive infiltration of inflammatory cells, crypt loss and large area edema (Figure 1G), accompanied by an increase in pathological score (Figure 1F). However, these pathological changes were remarkably reversed by EVO treatment (Figures 1F,G). EVO treatment also significantly inhibited the concentration of pro-inflammatory cytokines TNF-α and IL-1β, increased the expression of anti-inflammatory cytokine IL-10 (Figure 1H). Collectively, these results suggested that EVO ameliorated the acute colitis of CAC mice.
EVO Restored Intestinal Barrier Function in AOM/DSS-Induce Colitis in Mice
We measured AB-PAS staining, MUC2 and tight junction molecules (Occludin, ZO-1 and E-cadherin) in the colon as parameters for the integrity of intestinal barrier. AB-PAS staining of the gut tissues of representative mice in each group showed that the quantity of goblet cells in AOM/DSS group was significantly reduced (Figure 2A). EVO supplementation significantly increased the number of goblet cells, promoted the secretion of MUC2 and the expression of Occludin, ZO-1 and E-cadherin (Figures 2A–C). These results indicated that EVO could rescue these AOM/DSS-induced damage to the gut barrier and increase gut permeability.
[image: Figure 2]FIGURE 2 | EVO improves damage to the colonic mucosal barrier in AOM/DSS-induced colitis mice. (A) AB-PAS staining and the number of goblet cells. (B) The relative expression of MUC2. (C) Changes in colon mucosal barrier molecule mRNA levels. The results are presented as mean ± SD. #p < 0.05, ##p < 0.01, Control vs. AOM/DSS; *p < 0.05, **p < 0.01, EVO vs. AOM/DSS.
EVO Attenuated AOM/DSS-Induced Colon Tumorigenesis in CAC Mice
To investigate the impact of EVO on the intestinal tumor, we established AOM/DSS recurring inflammation-driven colorectal cancer (Figure 3A). AOM/DSS administration reduced the body weight, however, EVO group showed a protective effect on weight loss (Figure 3B). Expectedly, EVO treatment could significantly increase the colon length and the length-weight ratio of colon, and relieved splenomegaly (Figures 3C–E). All mice in the AOM/DSS group had colon tumors, but administration with EVO suppressed tumor cells development and decreased the tumors size (Figures 3F,G). In the AOM/DSS group, high-grade dysplasia of intestinal epithelium and heavily infiltrated with inflammatory cells were observed, indicating the existence of inflammation and highly differentiated adenocarcinoma of the colon (Figure 4A). Treatment with EVO could inhibit inflammatory cells infiltration and tumorigenesis, and maintain the intestinal epithelial structure. To investigate the effect of EVO on tumor cells, we examined the proliferation and apoptosis in colon tumor tissues. The rate of Ki-67 positive cells in AOM/DSS was significantly increased than that in EVO group (Figures 4A,B). Compared with the AOM/DSS group, the number of apoptotic cells increased in the EVO group (Figure 4C). These results suggested that EVO inhibited the proliferation of colon tumor cells and promoted their apoptosis. Finally, we used AB/PAS staining to detect the goblet cells quantity. The results showed that the numbers of mucin granule-containing goblet cells were markedly lower after exposure to AOM/DSS than in the EVO group (Figure 4D). The result indicated that EVO protected the mucous layer and thus inhibited the tumorigenesis.
[image: Figure 3]FIGURE 3 | EVO prevents tumorigenesis and growth at a late stage of CAC. (A) Protocol of EVO and AOM/DSS treatments used in this study. (B) Body weight change. (C) Colon length. (D) Colon length/weight ratio. (E) Spleen weight. (F) Tumor number. (G) Tumor size. The results are presented as mean ± SD. #p < 0.05, ##p < 0.01, Control vs. AOM/DSS; *p < 0.05, **p < 0.01, EVO vs. AOM/DSS.
[image: Figure 4]FIGURE 4 | | Effect of EVO treatment on cell proliferation and apoptosis in CAC model. (A) HE staining and Ki-67 analysis. (B) The proportion of Ki-67 positive cells in the colon of CAC mice. (C) Representative photo for TUNEL staining and assessment of the apoptotic cells. (D) AB-PAS staining and the number of goblet cells. The results are presented as mean ± SD. ##p < 0.01, Control vs. AOM/DSS; **p < 0.01, EVO vs. AOM/DSS.
EVO Treatment Modulated the Composition of Gut Microbiota in AOM/DSS-Induced Colitis Mice
To investigate the impact of EVO on gut microbiota composition in AOM/DSS-induced colitis mice, we performed 16S rRNA gene sequencing of feces in three groups. The α-diversity indices, richness indices (Ace and Chao) and diversity indices (PD whole tree, Shannon and Simpson) were declined in AOM/DSS group compared with Control group, and EVO treatment could impact on the α-diversity of microbiota (Figures 5A,B; Supplementary Figure S1A–C; Supplementary Table S3). To characterize the global differences in feces microbial communities among groups, a principal coordinates analysis (PCoA) was performed on bray_curtis. The PCoA plots showed a distinct clustering of the microbiota composition among the three groups (analysis of similarity [ANOSIM]; between Control group and AOM/DSS group, p = 0.003; between AOM/DSS group and EVO group, p = 0.007), indicating EVO could modulate the structure of gut microbiota in AOM/DSS-induced colitis mice (Figure 5C; Supplementary Figure S1D–E).
[image: Figure 5]FIGURE 5 | | EVO alters AOM/DSS-induced colitis mice fecal microbiota composition. (A) Chao index. (B) Shannon index. (C) UniFrac-based PCoA plot. (D) Phylum levels pie chart.
To investigate the abundance and distribution of gut microbiota in the Control group, AOM/DSS group and EVO group, we analyzed the variation of microbiota at the phylum level. Six primary phyla (Bacteroidetes, Firmicutes, Campilobacterota, Desulfobacterota, Proteobacteria and Verrucomicrobiota) were shown in the bacterial communities (Supplementary Table S4). Compared with Control group, AOM/DSS-induced the relative abundance of Firmicutes and Campilobacterota were decreased, and the levels of Bacteroidetes, Desulfobacterota, Proteobacteria and Verrucomicrobiota were elevated, while it was restored by EVO treatment (Figure 5D; Supplementary Figure S1F). Moreover, the Firmicutes/Bacteroidetes ratio increased from 0.72 to 0.81 by EVO supplementation (Supplementary Figure S1G). To further explore the changes of gut microbiota community in each group, an analysis of the genus level was performed (Figure 6A). Based on a 97% species similarity, a total of 135 genera were identified from the three groups, of which 34 genera with relative abundance made up at least more than 0.5% in one group were analyzed. Compared with the Control group, the relative abundance of ASF356, Alistipes, Alloprevetella, Anaerotruncus, Candidatus_Saccharimonas, Colidextrribacter, GCA-900066575, Helicobacter, Lachoclostridium, Lachnospiraceae_NK4A136_group, Oscillibacter, Roseburia, norank_f_Muribaculaceae, norank_f_Oscillospiraceae, norank_f_Ruminococcaceae, unclassified_f_Lachnospiracease, unclassified_f_Oscillospiraceae, and unclassified_o_Bacteroidales were decreased, and the levels of Akkermansia, Bacteroides, Bifidobacterium, Desulfovibrio, Escherichia-Shigella, Eubacterium_fissicatena_group, Lactobacillus, Parabacteroides, Parasutterella, Prevotellaceae_UCG-001, Rikenella, Ruminococcus_torques_group, Turicibacter, norank_f__norank_o__Clostridia_UCG-014, unclassified_f__Ruminococcaceae were increased (Figures 6B,C). However, EVO treatment could significantly increase the relative abundance of Alloprevotella, Lachnoclostridium, Oscillibacter, unclassified_f_Lachnospiraceae, unclassified_f_Ruminococcaceae, unclassified_o_Bacteroidales, and decrease the levels of Bacteroides, Parasutterella, Turicibacter. Taken together, our results showed that EVO treatment changed the composition of gut microbiota after AOM/DSS-induced colitis mice.
[image: Figure 6]FIGURE 6 | | Analysis of gut microbiota following EVO treatment in AOM/DSS-induced colitis mice. (A) The intestinal microbiota distribution at the family level. The up-regulated gut microbiota (B) and the down-regulated gut microbiota (C) at the genus level. (D) Spearman’s correlation analysis of microbiota and physiological indexes. *p < 0.05, **p < 0.01, ***p < 0.001.
Association Between Gut Microbiota and Colitis-Related Pathophysiological Traits
To further investigate whether changes in gut microbiota are correlated with the remission of colitis symptoms, the Spearman correlation between the top 20 genus and related physiological indicators among three groups (Figure 6D, Supplementary Table S5). We found that the feces microbiota (Bacteroides, Lactobacillus, Parasutterella and Eubacterium_fissicatena_group; p < 0.05) were negative correlation with body weight, goblet cells, colon length and MUC2, and were positive correlation with TNF-α, pathological score and IL-1β, while the correlation between Alloprevotella and indicators were just opposite to the above results. Interestingly, we also found that Akkermansia was negative associated with MUC2、colon length、ZO-1 and E-cadherin, was positive associated with TNF-α (p < 0.05), Lachnospiraceae_NK4A136_group was positive correlation with colon length and E-cadherin, was negative correlation with TNF-α and IL-1β (p < 0.05).
The Effect of EVO on Gut Microbiota in CAC Mice
To further investigate whether EVO attenuated AOM/DSS-induced colon tumorigenesis is related to gut microbiota, 16S rRNA analysis was performed on feces samples collected at 84th days. Common microbial α-diversity indices, richness indices (Chao and Ace) and diversity indices (Shannon, Simpson and PD whole tree) were declined in AOM/DSS group, and EVO treatment could increase the diversity indices and not change the richness indices, indicating that EVO can increase microbial community diversity (Figure 7A; Supplementary Figure S2A–E; Supplementary Table S6). PCoA based on the Unweighted UniFrac algorithm clearly revealed that the microbial community changed among three groups (Figure 7B). To further understand the result of PCoA, the Hierarchical clustering analysis was conducted, the Hierarchical clustering tree showed an obvious separation among three groups (Supplementary Figure S2F).
[image: Figure 7]FIGURE 7 | | EVO changes the gut microbiota of AOM/DSS-induced colon cancer mice. (A) Shannon index. (B) UniFrac-based PCoA plot. The relative abundance of gut microbiota at Phylum level (C) and at the family level (D). (E–F) The relative abundance of gut microbiota at genus level. #p < 0.05, ##p < 0.01, Control vs. AOM/DSS; *p < 0.05, **p < 0.01, EVO vs. AOM/DSS.
Based on the average abundance analysis, at the phylum level, Bacteroidetes, Firmicutes, Actinobacteria, Campilobacterota, Desulfobacterota and Proteobacteria were the major phyla in the three groups. Compared with Control group, the relative abundance of Bacteroidetes, Actinobacteria and Proteobacteria were increased, and Firmicutes, Campilobacterota and Desulfobacterota were decreased in AOM/DSS group (Figure 7C). However, there was no significant difference in the relative abundance at the phylum level between EVO group and AOM/DSS group. At the family level, a total of 16 families with a relative abundance of more than 1% in at least one group were identified from the three groups (Figure 7D). AOM/DSS increased the relative abundance of Bacteroidaceae, Marinifilaceae and Rikenellaceae, and decreased the level of Desulfovibrionaceae (p < 0.05). Further, we observed that EVO markedly increased the relative abundance of Sutterellaceae (p < 0.05) and Lactobacillaceae (p > 0.05). To analyze the changes of gut microbiota at the genus level, we selected the ten must abundant microbial genera and their abundance was analyzed (Figure 7E). The most abundant genera were norank_f_Muribaculaceae, Bacteroides, Lactobacillus, Lachnosirpacear_NK4A136_group and Prevotellacear_UCG-001. The abundance of Bacteroides, Alistipes and Odoribacter were higher in the AOM/DSS group than in the Control group (Figure 7F). Compared with AOM/DSS group, the abundance of Bacteroides, Lactobacillus, Lachospiraceae_NK4A136_group and Prevotellaceae_UCG-001 were higher in the EVO group (p > 0.05). It’s worth noting that EVO could significantly decrease the abundance of Alistipes (Figure 7F).
Key Bacteria Responding to EVO Supplementation From Colitis to Tumors in CAC Mice
We jointly analyzed the microbiota evolution of CAC mice at 18 and 84 days by using LEfSe to identify the specific bacterial phylotypes that were changed by EVO. On the basis of taxa with linear discriminant analysis (LDA) scores greater than three and p < 0.05, we concluded that CAC model mice, compared with Control group altered 68 (50 increased and 18 decreased), and 42 (19 increased and 23 decreased), at 18 and 84 days respectively (Supplementary Figures S3A, S3C). We can see that the harmful bacteria (e.g., g_Rikenella, g_Streptococcaceae、g_Erysipelatoclostridiaceae and g_Mucisirillum) increased significantly in the early stage of colitis, while the beneficial bacteria (e.g., g_Lachnoclostridium, g_Prevotellaceae_NK3B31_group, g_Candidatus_Arthromitus and g_Alloprevotella) decreased significantly in the later stage of tumor. Among the 69 increased bacterial genera, CAC model mice altered 7 shared genera from colitis to tumor, and while in 41 reduced genera, CAC model mice altered 4 shared genera (Figure 8A). Levels of o__Peptostreptococcales-Tissierellales, f__Bacteroidaceae, f__Peptostreptococcaceae, g__Bacteroides、g__Rikenella, g__Romboutsia and g__Turicibacter were significantly enriched in CAC mice, whereas f__Prevotellaceae, g__Alloprevotella, g__Lachnoclostridium and g__Tuzzerella were reduced observably in the AOM/DSS group compared with Control group.
[image: Figure 8]FIGURE 8 | Taxonomic differences of gut microbiota among Control, AOM/DSS and EVO groups from colitis to tumorigenesis. (A) Comparison of the bacterial community in 18- and 84-days CAC mice in the Control group and AOM/DSS group. (B) Comparison of the bacterial community in 18- and 84-days CAC mice in the EVO group and AOM/DSS group. Comparison of the bacterial community in 18-days (C) and 84-days (D) CAC mice in the EVO group and AOM/DSS group. #p < 0.05, ##p < 0.01.
And treatment with EVO, compared with CAC model mice altered 28 (9 increased and 19 decreased), and 27 (20 increased and 7 decreased), at 18 and 84 days respectively (Supplementary Figures S3B, S3D). We also can see that treatment with EVO could decrease significantly the harmful bacteria (e.g., f_Erysipelotrichaceae, f_Deferribacteraceae, g_Mucispirillum and g_Streptococcus) in the early stage of colitis, while increase the beneficial bacteria (e.g. f__Sutterellaceae、g__unclassified_f__Prevotellaceae, g__Parasutterella and g__Anaeroplasma) in the later stage of tumor. Among the 26 reduced bacterial genera, EVO treatment altered three shared genera from colitis to tumor (Figure 8B). Levels of o__Clostridiales, f__Clostridiaceae and g__Clostridium_sensu_stricto_1 were significantly reduced in EVO group compared with AOM/DSS group. And while in 29 increased genera, EVO treatment altered 0 shared genera, indicating that different probiotics may play a role in different stages of CAC. In the early stage of colitis, EVO could increase the levels of f__Ruminococcaceae、g__Alloprevotella, g__Oscillibacter and g__Lachnoclostridium (Figure 8C). Levels of f__Sutterellaceae、g__unclassified_f__Prevotellaceae, g__Parasutterella and g__Anaeroplasma were enriched significantly in EVO group at the late stage of CAC(Figure 8D).
Predictive Microbiota Functional Profiling in CAC Mice
Tax4Fun based on OTUs was used to predict the functional contribution of the microbiota. We identified 4975 Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs (KOs), mainly belonging to the pathway Metabolism, Environmental Information Processing and Genetic Information Processing. A total of 2,796 KOs were identified with significantly different abundances between AOM/DSS group and Control group, and 3592 KOs differed in abundance between EVO group and AOM/DSS group (false-discovery rate [FDR], p < 0.05). In the level 3 KEGG pathways, the microbial gene functions, including those associated with lipid metabolism (ko00120、ko00121), nucleotide metabolism (ko00230, ko00240), replication and repair (ko03030, ko03410, ko03420, ko03430, ko03440) and Glycan biosynthesis and metabolism (ko00540), were decreased significantly in EVO group, while those carbohydrate metabolism (ko00020, ko00040, ko00053, ko00562, ko00620, ko00630, ko00640, ko00650), amino acid metabolism (ko00280, ko00310, ko00330, ko00340, ko00360, ko00380), metabolism of cofactors and vitamins (ko00130, ko00730, ko00860), energy metabolism (ko00910、ko00920) and cell motility (ko02030, ko02040) were increased (FDR, p < 0.05, Figures 9A,B).
[image: Figure 9]FIGURE 9 | Interred gut microbiota functions by Tax4Fun from 16S rRNA gene sequences among Control, AOM/DSS and EVO groups in AOM/DSS-induced colon cancer mice. (A) Up-regulated metabolism and down-regulated metabolism (B) in EVO group.
EVO Regulated Metabolites in AOM/DSS-Induced Colon Cancer Mice
To investigate the effects of EVO on metabolite profiles CAC mice, we examined metabolites in the fecal in a non-targeted manner. The heat map of sample correlation showed a high similarity of metabolites expression in the samples within the group (Supplementary Figure S4A–B). PCA and PLS-DA were performed to identify the changes in metabolite profiles on positive and negative ESI data. PCA of metabolites showed a clear separation between AOM/DSS and Control groups, and overlaps existed between EVO and Control groups (Supplementary Figure S4C–D). The resulting score plot from PLS-DA in the positive (for the first four components, R2Y = 0.977 and Q2 = 0.836) and negative mode (for the first four components, R2Y = 0.978 and Q2 = 0.881) indicated a clear separation among the three groups (Figures 10A,B). In order to test the validity of the PLS-DA model, a permutation test (200 times) for PLS-DA was applied (Supplementary Figure S4E–F). The R2Y and Q2 values derived from the permuted data were lower than the original points to the right, indicating the validation of the PLS-DA model.
[image: Figure 10]FIGURE 10 | The difference of fecal metabolites among Control, AOM/DSS and EVO groups in AOM/DSS-induced colon cancer mice. PLS-DA map in positive ion model (A) and in negative ion model (B). (C) KEGG pathway on level 1 and level 2 related to differential metabolites. (D) KEGG pathway enrichment column chart.
Multivariate statistics (VIP_OPLS-DA>1) and unit statistics (p_value < 0.05) were used to screen differential metabolites, a total of 355 differential metabolites were identified between AOM/DSS and Control groups, and 370 differential metabolites in abundance between EVO and AOM/DSS groups (Supplementary Tables S7, S8). Among these, 242 differential metabolites disturbed by AOM/DSS could be restored by EVO, we further analyzed 242 differential metabolites on the KEGG pathways and found that differential metabolites were mainly involved in biosynthesis of other secondary metabolites, lipid metabolism, chemical structure transformation maps and amino acid metabolism (Figure 10C). KEGG metabolic pathway enrichment analysis showed that the differential metabolites were mapped to about 41 pathways (Supplementary Table S9). The metabolites were significantly enriched in 12 KEGG pathways (p_value < 0.05), and biosynthesis of phenylpropanoids, isoflavonoid biosynthesis, choline metabolism in cancer, restrograde endocannabinoid signaling, sphingolipid metabolism and tryptophan metabolism were the six pathways with the most significant enrichment (Figure 10D). Based on the Tax4Fun function prediction and non-target metabolomics studies, tryptophan metabolism was found to be co-metabolism pathway, indicating that tryptophan metabolism may play an important role in the effect of EVO on intestinal inflammation and carcinogenesis.
EVO Regulated the Gene Expressions of Colon Epithelial Cells in CAC Mice
The data above clearly showed that EVO could regulate the gut microbiota and metabolism of CAC mice. We performed RNA-Seq analysis to investigate the influence of EVO on gene expressions of colon epithelial cells in CAC mice. Compared with Control group, we obtained 863 up-regulated and 1421 down-regulated genes in the AOM/DSS group (P_adjust < 0.05, FC ≥ 2 or FC ≤ 0.5, Supplementary Table S10). However, 376 genes that were highly expressed and 280 genes that were lowly expressed in the EVO-treated group compared with AOM/DSS group (P_adjust < 0.05, FC ≥ 2 or FC ≤ 0.5, Supplementary Table S11). Furthermore, we identified 274 common genes in Control vs AOM/DSS and AOM/DSS vs EVO two data sets. Interestingly, 236 common genes showed an opposite trend of gene expression in AOM/DSS and EVO groups, indicating the involvement of these molecular targets in EVO-mediated prevention of CAC (Supplementary Table S12). Two clusters were obtained by clustering analysis of 236 differentially expressed genes according to their gene expression patterns in the three groups (Figure 11A). Then, GO enrichment analysis was performed on 236 genes belonging to two different clusters, and found that genes in Cluster 1 mainly enriched many GO terms related to immune response, such as “mucosal immune response” (Defa2, Defa2, 、Defa30 etc.) and response to organism, such as “defense response to Gram-negative bacterium” (Lyz1, Mmp7, Defa21 etc.) (Figure 11B). We found that differently genes in Cluster 1 were composed of significantly downregulated genes in the EVO group, suggesting a potential role of EVO therapy in reducing gut inflammation. In cluster 2, genes enriched some GO terms related to signal transduction, such as “methyl indole-3-acetate esterase activity” (Ces1e, Ces1g) and “G protein-coupled peptide receptor activity” (Vipr2, Sstr1, Tacr2, Nlrp6), and protein metabolism, such as “peptide catabolic process” (Enpep, Cpe, Naaladl1) and “peptide receptor activity” (Vipr2, Sstr1, Tacr2, Nlrp6) (Figure 11B). In view of the relatively high expression of genes in cluster two in EVO group, indicating that signal transduction and protein metabolism were significantly improved after EVO treatment. In the KEGG analysis, the downregulated genes were mainly concentrated in inflammatory signaling pathway (Wnt signaling pathway、Hippo signaling pathway、L-17 signaling pathway and Cytokine-cytokine receptor interaction), Pancreatic secretion and NOD-like receptor signaling pathway (Figure 11C). The upregulated genes were mainly enriched in Drug metabolism and Calcium signaling pathway (Figure 11D). Significant enrichment of functions and pathways may help us further investigate the role of differently genes in CAC. Together, our RNA-seq data reveal that EVO treatment significantly alleviates the inflammation of the CAC mice colon, potentially through the alteration in the gut microbiota.
[image: Figure 11]FIGURE 11 | Comparisons of gene expression profiles by RNA-seq among Control, AOM/DSS and EVO groups in AOM/DSS-induced colon cancer mice in the colon. (A) Genewise clustering heatmap of all 236 differentially expressed genes according to the gene expression patterns, showing segregation into two clusters. (B) Doptplot of GO terms enriched for the two clusters. Down-regulating the genes (C) and up-regulating the genes (D) enrichment KEGG pathways.
DISCUSSION
Wu-Zhu-Yu, a longstanding Chinese botanical drug, is traditionally used for the treatment of digestive system disease, so it is important to understand how EVO inhibits intestinal inflammation and tumors. In this study, we evaluated the mechanism by which EVO relieved inflammation and inhibited the tumors in CAC mice through the gut microbiota, metabolic activity and transcription molecules. Collectively, according to the 16S rRNA sequencing, non-targeted metabolomics analyses and colon transcriptomics results, we revealed the mechanism of the effect of EVO on CAC mice from inflammation to colorectal tumors.
From the results above, we can see that EVO could significantly reduce the inflammation of AOM/DSS-induced colitis, which may be related to the maintenance of intestinal barrier function. The intestinal mucosal layer is the first line of defense against both commensal microbes and invading pathogens, the integrity of which is critical for health (Desai et al., 2016). The colonic mucus layer is a dynamic and chemically complex barrier, mainly composed of MUC2 secreted by GC, which forms the protective mucus barrier atop the intestinal epithelium (Allaire et al., 2018). Defects in the mucus layer increase susceptibility to pathogens, leading to low-grade inflammation and dysbiosis (Desai et al., 2016). The TJ plays an important role in maintaining the integrity of the intestinal barrier. The loss of barrier integrity increases the translocation of bacterial antigens and stimulates the inflammatory response of intestinal mucosa (Jin et al., 2021). In our results, the number of GC, the expression of MUC2 and tight junction protein in the gut tissues of CAC mice were increased by EVO. Inflammation is a critical link between IBD and CRC (Svrcek et al., 2018). We speculate that EVO significantly decreased the number and size of AOM/DSS-induced colorectal tumors, promoted cell apoptosis and inhibited the proliferation of intestinal epithelial cell, which was related to the early inhibitory effect of EVO on gut inflammation.
Several studies have suggested that gut microbiota play an important role in maintaining intestinal homeostasis, which is closely associated with the pathogenesis of IBD and CRC (Wong and Yu, 2019; Caruso et al., 2020). For example, there are differences in microbiota composition between the inflamed and non-inflamed colonic segments in CD and UC. The transfer of feces from CRC patients to mice enhanced intestinal cell proliferation in germ-free mice and promoted tumorigenesis in conventional mice given AOM to induce colon neoplasia (Wong et al., 2017; Ryan et al., 2020). In view of these, we hypothesize that gut microbiota play a critical role in EVO’s inhibition of enteritis-intestinal cancer. In the present study, we found that EVO could regulate the composition of gut microbiota in AOM/DSS-induced colitis. At the phylum level, the abundance of Proteobacteria was significantly increased in AOM/DSS group. Proteobacteria is enriched in intestinal pathogens, which can cause inflammation and change intestinal microbiota, and promote the development of IBD (Mukhopadhya et al., 2012). Genus of Alloprevotella, Lachnoclostridium and Oscillibacter levels were obviously increased by EVO treatment. Alloprevotella is a SCFAs-producing bacteria that plays a key role in maintaining intestinal homeostasis and is believed to confer benefits upon host well-being (Shang et al., 2018; Liu YJ. et al., 2020). Lachnoclostridium is involved in the production of propionate, and Oscillibacter, which has previously negatively correlated with CD, expresses acetyl-CoA acetyltransferase and enzymes necessary for butyrate production (Mondot et al., 2011; Polansky et al., 2015; Xiang et al., 2021). In the present study, we found that EVO significantly suppressed the increase in the abundance of Bacteroides, Parasutterella and Turicibacter in AOM/DSS-treated colitis mice. It has been reported that the concentration of Bacteroides in UC is significantly higher than that in healthy controls, which plays an important role in triggering colitis (Ohkusa and Koido, 2015). The pathogenic Gram-negative bacteria Parasutterella was found to be higher in IBD patients with CD and CRC patients (Ibrahim et al., 2019; Sobhani et al., 2019). Turicibacter is an opportunistic pathogen or pro-inflammatory bacteria, which was observed an increased in the abundance in AOM/DSS-induced CRC, while some reported that Turicibacter was considered an anti-inflammatory taxon as studies proved as depletion of Turicibacter in animal models of IBD (Wu et al., 2019; Liu M. et al., 2020). Thus, the role of Turicibacter in the development of CRC needs to be further investigated. Moreover, correlation analysis revealed that Bacteroides and Parasutterella were positively correlated with inflammatory factors and negatively correlated with intestinal barrier integrity, while Alloprevotella was the opposite. Microbial dysbiosis and intestinal barrier dysfunction are considered to be two important pathogenic factors that trigger colitis (Jin et al., 2021). Our study showed that EVO inhibited the AOM/DSS-induced colitis through regulating the gut microbiota.
Considering the important role of gut microbiota in CAC development, we further analyzed the changes of gut microbiota in AOM/DSS-induced colon tumor. Notably, EVO could increase the microbial community diversity and change the composition of microbiota. Prevotellaceae (the family and the genus Prevotellaceae_UCG-001), were induced to decrease by AOM/DSS, which is consistent with our results (Wu et al., 2019). Prevotellaceae is identified as a probiotic that is highly coated by secretory IgA, and butyrate could protect the host against colitis-associated colon cancer by enriching its abundance (Zhang Y. et al., 2018). Sutterellaceae, which is very commom and abundant in intestinal mucosa, was significantly increased by EVO treatment, and its role largely unexplored with being partly controversial for published reports. Some studies have reported that Sutterellaceae has a mild pro-inflammatory capacity in gastrointestinal tract but not contributing to be disrupted epithelial homeostasis, and the ability of Sutterellaceae to adhere to epithelial mucosa indicate that they may have an immunonodulatory role (Hiippala et al., 2016). The role of Sutterellaceae in the development of CAC deserves further study. Alistipes was found to be associated with CRC in a previous study and exhibited increased tumor development (Dai et al., 2018). In the comparison of key bacteria changes between enteritis-intestinal cancer mice treated with EVO, Ruminococcaceae, Alloprevotella, Oscillibacter and Lachoclostridium were four beneficial bacteria with the most significant increase from AOM/DSS-induced colitis mice treated EVO, and Sutterellaceae, unclassified_f_Prevotellaceae, Parasutterella and Anaeroplasma were four beneficial bacteria with the most significant increase from AOM/DSS-induced colon tumor mice treated EVO. Ruminococcaceae, Alloprevotella, Oscillibacter and Lachoclostridium were considered an anti-inflammatory factor due to their production of SCFAs, which a major source of energy for colonic epithelial cells and exhibits anti-inflammatory properties (Ohkusa and Koido, 2015; Bian et al., 2019). This result indicated that EVO inhibited AOM/DSS-induced colitis by promoting the enrichment of SCFAs producing bacteria to relieve gut inflammation and maintain intestinal barrier. Although some studies have shown an increase in the abundance of Parasutterella in CRC, our understanding of the function of Parasutterella remains limited. Parasutterella isolates successfully colonized the mature mouse gut without causing significant shifts in bacterial composition and host innate immune response, but significantly altered the cecal metabolome, including multiple biological processes and pathways, which may exert potential beneficial effects on the intestinal mucosal homeostasis (Ju et al., 2019). The level of Anaeroplasma (phylum Tenericutes) was significantly decreased in obese mice, while the increased abundance is related to a reduction expression of inflammatory factors (Terzo et al., 2020). At the same time, the relative abundance of Anaeroplasma was reduced in DSS-induced mice (Zhang XJ. et al., 2018). Sutterellaceae, unclassified_f_Prevotellaceae, Parasutterella and Anaeroplasma forms a beneficial core bacteria set that promotes EVO’s mitigation of AOM/DSS-induced colon cancer. Notable, the relative abundance of Clostridiales, Clostridiaceae and Clostridium_sensu_stricto_1 (belong to Firmicutes) were significantly increased from colitis to cancer by EVO treatment, which are associated with inflammation and disease and decreased during inflammation, indicating that it may be the core bacteria of EVO that inhibit CAC development (Zijlmans et al., 2015; Busbee et al., 2020).
The functional capabilities of the microbial communities were analyzed by Tax4fun. We found that EVO treatment may have an impact on a wide range of biological functions. Abnormal lipid metabolism plays a critical role in the progression of adenomas, EVO could significantly decrease lipid accumulation by affecting bile acid biosynthesis and improving bile metabolism to prevent colon cancer (Li et al., 2019). To satisfy the higher requirements of purine and pyrimidine metabolism for tumor growth, nucleotide metabolism is over-transcribed (Chen et al., 2020). S.cerevisiae enhances host purine metabolism in colitis mice, and rhein could change purine metabolism to alleviate colitis, which was consistent with our results. Accurate duplication of DNA prior to cell division is essential to suppress mutagenesis and tumor development, while increased DNA replication stress plays a positive role in the proliferation of CRC (Church et al., 2013). It is known that the biosynthesis of lipopolysaccharide, a pathogen-associated pathway, is harmful for the maintenance of the physiological homeostasis, which was inhibited in EVO group (Yao et al., 2017). Additionally, EVO treatment could promote the functional maturation of gut microbiota, which is characterized by increased basic metabolism (carbohydrate metabolism, amino acid metabolism, metabolism of cofactors and vitamins, energy metabolism and cell motility). The metabolism associated with SCFAs (e.g. Butanoate metabolism and Propanoate metabolism) is consistent with the increase of SCFAs-producing bacteria. Reduced levels of amino acid metabolism, such as tryptophan metabolism, are associated with a compromised epithelial barrier in IBD and tumour progression in CRC, indicating that changes in intestinal amino acids metabolism mediated by microbiota may be involved in the pathogenesis of CAC development (Crotti et al., 2019). These data indicate that EVO may mitigate the development of CAC through regulating the function of gut microbiota.
A total of 242 differential metabolites were detected in the three groups through untargeted metabolomics, and these metabolites were involved in KEGG metabolic pathways and mainly belong to the four KEGG modules: metabolism, organismal systems, environmental information processing and human diseases. KEGG pathway enrichment analysis found 12 significant pathways. Biosythesis of other secondary metabolites (Biosythesis of phenylpropanoids and Isoflavonoid biosynthesis) were significantly changed by EVO. Flavonoids are commonly ingested diet-derived compounds that are metabolized by gut microbiota, which have been widely demonstrated to have multiple pharmacological properties in intestinal pathology (Braune and Blaut, 2016; Gong et al., 2019). The microbiome contribution to intestinal flavonoid levels was evident from the elevated levels of naringenin and apigenin in EVO-treated CAC mice. Choline metabolism has been shown to be sensitive to changes in gut microbiota, and is closely connection with colorectal cancer development (Saeedi et al., 2020). Sphingolipids are a class of plasma-associated lipids produced by the host and specific bacteria, which have important biologic functions in metabolic, apoptotic and inflammatory pathways of host cells (Schirmer et al., 2019). Many studies have shown that the abnormalities of sphingolipid metabolism may be involved in inflammation and carcinogenesis, and EVO interferes with changes in sphingolipid metabolism, suggesting that sphingolipid metabolism plays an important role in EVO inhibiting the development of CAC (Ohnishi et al., 2017). EVO treatment also changed the tryptophan metabolism, which is consistent with the prediction of the metabolite function of Tax4Fu, and regulating tryptophan metabolism is also an attractive strategy for the treatment of intestinal diseases.
Based on the results of transcriptomic analysis, we found CAC mice had distinct gene expression profiles compared to Control mice, which may be related to host genetic differences or microbiome differences. Treatment with EVO significantly altered colon gene expression by upregulating and downregulating specific sets of genes. Among the GO terms and KEGG pathways that were significantly enriched by EVO treatment, those involved in tumor-specific immune responses were downregulated. NOD-like receptor proteins have been shown to be associated with various autoimmune or inflammatory diseases, and NOD-like receptor signaling pathways are strongly enriched in colonic tumor tissues (Zhang et al., 2017). Wnt signaling pathway plays a key role in cell development, differentiation and tissue homeostasis, abnormal activation of Wnt signaling pathway is related to the progression of tumorigenesis and tumor metastasis (Zhao et al., 2018). EVO reduced tumor-specific immune responses and may help alleviated CAC. In addition, EVO treatment upregulated pathways involved in signal transduction and Calcium signaling pathway. G protein-coupled receptor ligands, that are encoded by the microbiota and are agonists to receptors (e.g. SCFAs) that have important implications for gastrointestinal and metabolic physiology, has been shown to function as a tumor suppressor in the colon (e.g. GPR109A) (Cani and Jordan, 2018; Lavelle and Sokoi, 2020). In sum, during the procession of intestinal inflammation to carcinogenesis, a variety of immunological and inflammatory signaling events, were inhibited, and a variety of signal transduction and metabolism were activated by EVO and involved in a complex biological process.
In conclusion, we have confirmed that EVO treatment effectively attenuated AOM/DSS-induced colitis and colon cancer in mice by inhibiting the intestinal inflammation and improving mucosal barrier functions. In addition, EVO promoted the enrichment of SCFAs-producing bacteria and reduced the pro-inflammatory bacteria levels, which contributes to the changes of microbiota metabolism, especially tryptophan metabolism. Finally, our results indicated that inflammatory response and tumor-specific immune responses were effectively alleviated by EVO. Collectively, our results highlight that EVO, as a compound with properties in modulating gut microbiota and metabolism, in treating intestinal disorders in the future.
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Although osteoarthritis (OA) significantly affects the quality of life of the elderly, there is still no effective treatment strategy. The standardized Ginkgo biloba L. extract preparation has been shown to have a wide range of therapeutic effects. Bilobalide, a unique ingredient of Ginkgo biloba, has anti-inflammatory and antioxidant pharmacological properties, but its mechanism of action on OA remains unknown. In this study, we investigated the effects of bilobalide on the development of OA through in vivo and in vitro experiments, as well as its potential anti-inflammatory mechanisms. The in vitro experiments demonstrated that bilobalide significantly inhibited the production of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and matrix metalloproteinase 13 (MMP13) in ATDC5 chondrocytes induced by Interleukin-1β (IL-1β). At the molecular level, bilobalide induced chondrocyte autophagy by activating the AMPK/SIRT1/mTOR signaling pathway, which increased the expression of autophagy-related Atg genes, up-regulated the expression of LC3 protein, and reduced the expression of the p62 protein. In vivo, bilobalide exerted significant anti-inflammatory and anti-extracellular matrix (ECM) degradation effects in a rat model of post-traumatic OA (PTOA) induced by anterior cruciate ligament transection (ACLT). Bilobalide could relieve joint pain in PTOA rats, inhibit the expression of iNOS and COX-2 protein in cartilage via the AMPK/SIRT1/mTOR pathway, and reduce the level of ECM degradation biomarkers in serum. In conclusion, bilobalide exhibits vigorous anti-inflammatory activity, presenting it as an interesting potential therapeutic agent for OA.
Keywords: bilobalide, autophagy, AMPK/SIRT1/mTOR, inflammation, osteoarthritis, ACLT
1 INTRODUCTION
Osteoarthritis (OA) is an age-related, painful, and disabling disease. Around 35% of the global population over the age of 60 suffers from symptomatic (painful, disabling) OA (Grassel et al., 2021). OA may develop in any joint, such as the shoulders, hands, feet, spine, knees, and hip joints (Katz et al., 2021). Currently, Non-steroidal anti-inflammatory drugs (NSAIDs) and tramadol are recommended for the clinical treatment of OA. However, NSAIDs have gastrointestinal and cardiovascular side effects, are commonly used in clinical practice for the short-term treatment of OA (Chen et al., 2008). Safe and effective drugs for preventing or reversing the progression of OA are therefore still lacking (Pérez-Lozano et al., 2021).
Notably, plant extracts have attracted a lot of attention due to their safe and diverse biological activities (Sukhikh et al., 2021) (Henrotin and Mobasheri, 2018). Ginkgo biloba L. extract is one of the most widely used botanical drugs in the world (Achete de Souza et al., 2020). Various biological preparations made from Ginkgo biloba L. extract as raw materials are commonly used in medicines, dietary supplements, food additives, cosmetics, and functional beverages (Mahadevan and Park, 2008; dal Belo et al., 2009; Aziz et al., 2018; Palacios et al., 2019). Bilobalide is a sesquiterpene compound extracted from Ginkgo biloba L. that has received widespread interest due to its anti-inflammatory (Jiang et al., 2014), anti-oxidative (Achete de Souza et al., 2020), and neuroprotective properties (Feng et al., 2019). Bilobalide has been shown to inhibit the production of pro-inflammatory mediators, improve mitochondrial function, and prevent damage caused by cerebral ischemia (Jiang et al., 2014). Recent studies indicate that bilobalide inhibits IL-17-induced inflammatory damage in ATDC5 cells by down-regulating microRNA-125a via the JNK and NF-kB signaling pathways (Mao et al., 2019), demonstrating that bilobalide has anti-inflammatory effects on chondrocytes. However, further studies on its molecular mechanism are required.
Autophagy is a widely occurring cell self-protection mechanism that acts as an intracellular scavenger to maintain intracellular balance in eukaryotic cells (Kang and Elledge, 2016; Vinatier et al., 2018). The activation of autophagy has positive significance for the survival of chondrocytes in the early stage of OA (Duan et al., 2020). During the development of OA, decreased chondrocyte autophagy leads to impaired cellular function, resulting in joint aging and dysfunction (Netea-Maier et al., 2016), indicating that autophagy plays an important role in the development of OA and is expected to be an important target for OA treatment. Several studies have reported that bilobalide can interfere with certain diseases by regulating autophagy. Bilobalide inhibits LPS-induced neuroinflammation and promotes autophagy (Qin et al., 2021). After cerebral ischemia/reperfusion injury in rats, treatment with bilobalide can significantly reduce cell apoptosis and autophagy, while promoting angiogenesis (Zheng et al., 2018). These findings indicated that the dynamic process of regulating autophagy and anti-inflammatory can delay the development of certain diseases, although it remains unclear whether bilobalide inhibits the inflammatory response of OA via the autophagy pathway.
Adenosine Monophosphate Activated Protein Kinas (AMPK) is an energy sensor that monitors and responds to changes of AMP/ATP ratio in the intracellular (Asby et al., 2015). Sirtuin 1 (SIRT1), a downstream signaling molecule of AMPK, has been shown to trigger the formation of autophagosomes by inducing the expression of autophagy-related proteins (Lee et al., 2008; Mengqi Zhang et al., 2020). The activity of SIRT1 can be positively regulated by AMPK (Wang et al., 2020). Recent studies have found that abnormal AMPK/SIRT1 activity is linked to the development of OA (Mei et al., 2020; Jiang et al., 2021; Zheng et al., 2021). It has been demonstrated that AMPK serves as a potent activator of autophagy to protect chondrocytes from cellular stress. In the nutrient-poor context, active AMPK phosphorylates, an essential component for mTOR activation, and then directly inhibits mTOR, which induces autophagy (Holczer et al., 2019). Moreover, the AMPK/SIRT1/mTOR pathway is known to be associated with autophagy and may be a potential pharmacological target for OA.
In this study, we focused on 1) the anti-inflammatory and anti-ECM degradation effects of bilobalide in IL-1β-induced ADTC5 chondrocytes, and 2) its protective effects in an anterior cruciate ligament transection (ACLT)-induced rat model of post-traumatic OA (PTOA) and its underlying mechanism. This study aimed to provide new insights for the treatment of OA and lay the foundation for future clinical applications of bilobalide.
2 MATERIALS AND METHODS
2.1 Cell Culture and Treatment
ATDC5 cells were purchased from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). The cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) medium (Gibco, Gaithersburg, MD, United States) containing 10% fetal bovine serum (FBS) (BI, Israel) and 1% penicillin-streptomycin (Beyotime, Nantong, China) at 37°C and 5% CO2. Insulin-transferrin-sodium selenite media supplement (ITS) (Sigma, St. Louis, MO, United States) was added to the culture medium for 14 days after cell attachment to induce differentiation into chondrogenic ATDC5 cells according to a previous method (Mengqi Zhang et al., 2020).
2.2 Cell Counting Kit-8 Assay
Bilobalide (purity ≥ 98%) was purchased from Chengdu Must Bio-technology Co., Ltd. (Chengdu, China). Requirements considered to be relevant in guidelines for best practice in natural products pharmacological research have been taken into account (Heinrich et al., 2020). Viable cell proliferation was determined using CCK-8 (APExBIO, Houston, TX, United States). Cells were seeded in 96-well plates and treated with 10 ng/ml IL-1β (Novoprotein, China) and bilobalide (0, 7.5, 15, 30, 60, and 120 μM) for 12 or 24 h. Different concentrations of bilobalide dissolved in dimethylsulfoxide (DMSO) were added to the medium, with the final concentration of DMSO not exceeding 0.05%. Following that, 10 μl of CCK-8 solution was added. After 30 min, a multi-function microplate reader (BioTEK, Winooski, VT, United States) was used to measure the absorbance at 450 nm.
2.3 Dansylcadaverine Staining
Dansylcadaverine (MDC) staining (Solarbio, China) was used to observe the formation of autophagosomes as a marker of autophagy. The MDC staining procedure was based on a previous study (Ma et al., 2021). Briefly, cells were cultured in a 6-well plate with 10 ng/ml IL-1β and 60 μM bilobalide for 24 h before being fixed with 4% paraformaldehyde for 15 min. After removing the fixative, the cells were washed with PBS and incubated with MDC dye for 60 min. Autophagosomes were observed using a fluorescence microscope (Leica, Germany).
2.4 Transmission Electron Microscopy
Autophagic vesicles were observed using transmission electron microscopy. Chondrocytes treated with 10 ng/ml IL-1β and 60 μM bilobalide were collected. The chondrocytes were fixed with 2.5% glutaraldehyde at 4°C for 24 h, then dehydrated step by step using ethanol. Following that, the samples were washed thoroughly with PBS and embedded in resin. The samples were then sectioned and stained with 2% uranyl acetate aqueous solution for 1 h in the dark. Images were captured using an H-7650 electron microscope (Hitachi, Japan).
2.5 Immunofluorescence Staining
Cells were seeded in a confocal Petri dish (35 mm), then chondrocytes were cultured with or without 10 ng/ml IL-1β and 60 μM bilobalide for 24 h. The cells were then fixed with 4% paraformaldehyde for 15 min, washed with PBS, and permeabilized with .5% Triton X-100 for 15 min. Following that, the chondrocytes were blocked with 3% BSA for 30 min before being incubated with the SIRT1 antibody (ABclonal, Wuhan, China) (1:200) at 4°C overnight. Next, the cells were incubated with the Alexa 488 Goat Anti-Rabbit IgG (H+L) antibody (APExBIO) at room temperature for 1 h. The cell nuclei were counter-stained with DAPI (Beyotime) for 10 min. Images were captured using a fluorescence microscope (Leica).
2.6 Western Blotting
Total protein was extracted from rat cartilage and ATDC5 chondrocytes using Radio Immunoprecipitation Assay (RIPA) (Beyotime) containing protease and phosphatase inhibitors (MedChemExpress, New Jersey, United States). Protein concentrations were determined using a Bicinchoninic acid (BCA) protein assay kit (Beyotime). Equal quantities of total proteins were separated by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane. After blocking with 5% bovine serum albumin (BSA) for 1 h, the membrane was incubated with the following primary antibodies overnight at 4°C: iNOS (1:1,500, ABclonal), COX-2 (1:2,000, ABclonal), MMP13 (1:2,000, ABclonal), GAPDH (1:2,000, ABclonal), p-mTOR (1:500, Wanleibio, China), mTOR (1:2,000, ABclonal), LC3 (1:2,000, Proteintech, China), p62 (1:2,000, ABclonal), p-AMPK (1:2,000, ABclonal), AMPK (1:2,000, ABclonal), and SIRT1 (1:1,000, ABclonal). Following that, the membrane was incubated with secondary antibodies (1:3,000, ZSGB-BIO, China) for 1 h. The ECL buffer (Vazyme, China) was added onto the membrane, and protein bands were visualized using the Tannon automatic gel image analysis system (China). The relative expression level of the protein was analyzed using the ImageJ software. The inhibitors, autophagy inhibitor chloroquine (CQ), AMPK inhibitor compound C, and SIRT inhibitor Selisistat (EX-527), were all purchased from MedChemExpress (United States).
2.7 Quantitative Real-Time Polymerase Chain Reaction Analysis
Total RNA was extracted using the RNA simple total RNA kit (Tiangen, China) according to the manufacturer’s instructions. Reverse transcription was performed using the ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Japan). Complementary DNA (cDNA) was amplified using the ChamQ Universal SYBR qPCR Master Mix (Vazyme). The expression levels of the target genes were evaluated using a relative quantification approach (2−ΔΔCT method) against β-actin levels. The forward and reverse primer sequences of all genes are listed in Table 1.
TABLE 1 | The primer sequences used in qPCR assay.
[image: Table 1]2.8 ACLT-Induced Rat Model of Post-Traumatic OA
Forty male Sprague-Dawley rats (12-weeks-old, 300–350 g) were purchased from Changchun Yisi Experimental Animal Technology Co., Ltd. (License number: SCXK-2018-007) (Changchun, China) and kept in a controlled environment (light/dark, 12/12 h; temperature 23 ± 1°C). The rats were acclimated for 1 week before experiments were carried out. The rats were randomly divided into five groups: control (sham operation and treated with a salt solution), OA (ACLT surgery to induce OA), celecoxib (2.86 mg/kg/day celecoxib [Pfizer Pharmaceutical, New York, United States] (Panahifar et al., 2014) was administered as a positive control), 5 mg/kg + Bilobalide (the OA rats treated with 5 mg/kg/day of bilobalide), and 10 mg/kg + Bilobalide (the OA rats treated with 10 mg/kg/day of bilobalide), with eight rats in each group. The ACLT-induced PTOA models for rats and animal postoperative care were established according to previous studies (Ma et al., 2020). Rats in the 5 mg/kg + Bilobalide and 10 mg/kg + Bilobalide groups received oral bilobalide daily for 6 weeks. The bilobalide dosage was based on previous studies (Heng Zhang et al., 2020; Zhao et al., 2021). After 6 weeks of treatment, the rats in each group were euthanized by intraperitoneal injection of a lethal dose of ether, and their knee joints and blood samples were taken. The blood was centrifuged at 1,000 g for 20 min at room temperature. The supernatant was collected and stored at −80°C for further analysis. The animal surgery procedure and treatments used in this study were approved by The Laboratory Animal Welfare and Ethics Committee of Northeast Agricultural University (#NEAU-2021-03-1157-6). Every effort was made to minimize animal suffering and reduce the number of animals used.
2.9 Animal Behavior Tests
2.9.1 Mechanical Sensitivity
After ACLT surgery, rats were subjected to weekly behavioral tests. Mechanical sensitivity was assessed by measuring the withdrawal thresholds of both hind paws in response to the application of von Frey filaments using the up-down method, as previously described (Katri et al., 2019).
2.9.2 Vocalizations Evoked by Extension of the Knee
The knee extension test was performed for the right leg by starting with the knee in the resting position (slightly flexed). The knee was extended while the thigh was held. The number of vocalizations that occurred during the five extensions was recorded (Im et al., 2010; Piel et al., 2014). After the habituation procedure, mechanical sensitivity and vocalizations evoked by extension of the knee were assessed before surgery and up to 6 weeks post-surgery. The behavioral tests were evaluated by two independent researchers (LL and YY). Any disagreements between the researchers were resolved by a third researcher (LG.).
2.10 Histological Assessments
All rats were killed 6 weeks after ACLT. Knee joint samples were collected, fixed in 4% paraformaldehyde for 24 h, decalcified in 10% EDTA at 4°C for several days, embedded in paraffin then sectioned into 4-lm-thick sections. For further histological analyses, hematoxylin-eosin (HE) and toluidine blue (TB) staining were performed on the sections. Histopathological features were semi-quantitatively scored according to the Osteoarthritis Research Society International (OARSI) grading system (Pritzker et al., 2006).
2.11 ELISA Detection of Rat Osteoarthritis Biomarkers
The levels of C-telopeptides of type II collagen (CTX-II), Cartilage oligomeric matrix protein (COMP), and Collagenase cleavage neopeptide (C2C) in rat serum were determined with ELISA. The ELISA kit was purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Mlbio, China). ELISA was performed according to the manufacturer’s instructions. Three replicate wells were used for each set of samples and the average OD value was obtained. The OD values at 450 nm were measured using a multi-function microplate reader (BioTEK). All experiments were conducted in the Heilongjiang Key Laboratory of Animals Disease Pathogenesis and Comparative Medicine.
2.12 Statistical Analysis
All statistical analyses were performed using the SPSS software (version 19.0 for Windows, Chicago, IL, United States). Results were presented as mean ± standard (SD) deviation. The data were evaluated for Gaussian distribution using the Kolmogorov–Smirnov test. All data had normal distribution and were analyzed with parametric statistics (one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test). p < .05 was considered statistically significant.
3 RESULTS
3.1 Effect of Bilobalide on ATDC5 Chondrocyte Viability
The molecular structure of bilobalide is shown in Figure 1A. Bilobalide intervention for 12 h had limited cytotoxicity on ATDC5 chondrocytes (Figure 1B). However, after 24 h of intervention, bilobalide at a concentration of 120 mΜ significantly reduced ATDC5 chondrocytes viability (Figure 1C). When cells were stimulated with bilobalide for 24 h, the activity of the cells increased at a concentration of 7.5–60 μM. Therefore, bilobalide was used at 15, 30, and 60 μM in subsequent experiments, with a treatment time of 24 h.
[image: Figure 1]FIGURE 1 | The effect of bilobalide on the viability of ATDC5 chondrocytes. (A) Chemical structure of bilobalide. (B,C) Bilobalide cytotoxicity on chondrocytes at 12 and 24 h. All data were presented as mean ± SD (n = 5). *p < .05 indicates significant differences between different groups compared to the control group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
3.2 Bilobalide Inhibited IL-1β-Induced Pro-inflammatory Cytokines and MMP13 Production in ATDC5 Chondrocytes
Chondrocytes were treated with 10 ng/ml IL-1β in the presence or absence of bilobalide for 24 h. In chondrocytes, 10 ng/ml IL-1β stimulation caused an abnormal increase in inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) inflammatory factors (Figures 2A,B). However, bilobalide could antagonize those effects. In addition, bilobalide significantly inhibited the expression of the MMP13 protein (p < .05). In ATDC5 chondrocytes induced by IL-1β, 60 μM bilobalide intervention had the greatest inhibitory effect on iNOS and COX-2. The above results indicated that bilobalide could protect ATDC5 chondrocytes from IL-1β-induced inflammation by down-regulating the expression of iNOS, COX-2, and MMP13.
[image: Figure 2]FIGURE 2 | Influence of bilobalide on the IL-1β-induced inflammatory reaction in ATDC5 chondrocytes. (A,B) Western blot analysis of iNOS, COX-2, and MMP13 protein levels in chondrocytes. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
3.3 Bilobalide Initiates Autophagy in IL-1β-Induced ATDC5 Chondrocytes
In order to exclude autophagy induced by serum starvation (Rong et al., 2021), the DMEM/F12 medium containing 10% fetal bovine serum was consistently used in this study. Because IL-1β induction may also affect autophagy (Ge et al., 2018), the expression of the autophagy marker protein LC3II was examined at different 10 ng/ml IL-1β induction times. The results showed that after chondrocytes were exposed to 10 ng/ml IL-1β for 24 h, the expression of LC3Ⅱ protein was significantly reduced (p < .05) and there was a decrease in chondrocyte autophagy (Figures 3A,B). Therefore, based on the above experimental results and combined with the previous CCK-8 results, 10 ng/ml IL-1β was selected to treat cells for 24 h in subsequent experiments.
[image: Figure 3]FIGURE 3 | Bilobalide induces autophagy in IL-1β-induced ATDC5 chondrocytes. (A,B) Western blot analysis of LC3II protein expression after IL-1β induced cartilage for different periods. (C,D) The number of autophagosomes was observed using MDC dye under a fluorescence microscope. Magnification ×10. (E) Autophagic vesicles were observed using transmission electron microscopy. Magnification ×3000. All data were presented as mean ± SD (n = 3). ** p < 0.01 compared to the control group; #p < 0.05 and ##p < 0.01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
The results of MDC staining showed that the number of autophagosomes in the IL-1β + bilobalide group increased in a dose-dependent manner compared to the control group (p < .05) (Figures 3C,D). In order to verify the initiation of autophagy, transmission electron microscopy was used to observe autophagic vesicles (Figure 3E). When IL-1β and bilobalide were both added, autophagic vesicles were abundant, including autophagosome with double-layer membranes and autophagolysosome with single-layer membranes, compared to treatment with 10 ng/ml IL-1β alone.
3.4 Bilobalide Inhibited IL-1β-Induced ATDC5 Chondrocyte Inflammation by Restoring Autophagy
Next, the expression of p-mTOR, mTOR, LC3II, and p62 in ATDC5 chondrocytes was evaluated (Figure 4A). Compared to the control group, the expression of p-mTOR and p62 increased after IL-1β stimulation (p < .05), while the expression of LC3II significantly decreased (p < .05). However, after the addition of bilobalide, the expression of p-mTOR and p62 decreased in a dose-dependent manner, while LC3II expression displayed a dose-dependent increase. These findings demonstrated that bilobalide promoted autophagy in a dose-dependent manner.
[image: Figure 4]FIGURE 4 | The effect of bilobalide on autophagy in ATDC5 chondrocytes induced by IL-1β. (A) Western blot analysis of mTOR, p-mTOR, LC3II, and p62 protein expression after treatment with 10 ng/ml IL-1β and different concentrations bilobalide for 24 h. (B) The effect of 60 μM bilobalide with different incubation periods in the presence of 10 ng/ml IL-1β on autophagy was determined through the LC3II protein using western blot. (C) The expression levels of certain autophagy-related genes (Atg genes) were evaluated using qPCR. (D,E) Chondrocytes were pretreated with 30 μM CQ. The protein levels of LC3II, p62, COX-2, and MMP13 were examined by Western blot. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test).
Following that, a kinetic experiment was performed (Figure 4B). Chondrocytes were treated with 10 ng/ml IL-1β and 60 μM bilobalide at the same time for 6–48 h to determine the expression of LC3II. The expression of LC3II significantly increased after 24 h of treatment (p < .05). Autophagy induced by IL-1β in the presence of bilobalide was most prominent within 24 h. In addition, qPCR results showed that the relative level of the Atg genes significantly increased compared to the IL-1β group after treatment with 10 ng/ml IL-1β and 60 μM bilobalide for 24 h (p < .05) (Figure 4C).
3.5 Autophagy is Required for Bilobalide’s Anti-Inflammation Activity
In order to better understand the mechanism of autophagy and inflammation induced by bilobalide in ATDC5 chondrocytes, we analyzed the expression of LC3II, p62, iNOS, COX-2, and MMP13 of the 60 μM bilobalide treated group after intervention with 30 μM CQ (Figures 4D,E). The chondrocytes were divided into five groups: (I) control, (II) IL-1β, (III) Bilobalide + IL-1β, (IV) CQ, and (V) Bilobalide + IL-1β + CQ. Groups IV and V were pretreated with CQ for 1 h, then incubated with bilobalide for 24 h. The combined action of IL-1β and bilobalide resulted in significantly increased expression of the LC3II protein (p < .05), while the expression of the p62 protein was significantly inhibited (p < .05). After adding the CQ inhibitor alone, the expression of the LC3II protein was significantly reduced (p < .05), while the expression of the p62 protein was significantly increased (p < 0.05). Interestingly, the expression of LC3II and p62 in the bilobalide + IL-1β + CQ group increased compared to the bilobalide + IL-1β group. We hypothesized that CQ blocked the fusion of autophagic vesicles and lysosomes, thereby inhibiting the degradation of the LC3II and the p62 protein. In addition, bilobalide significantly inhibited the up-regulation of iNOS, COX-2, and MMP3 expression in chondrocytes induced by IL-1β, while the addition of CQ reversed the decrease in iNOS, COX-2, and MMP3 proteins caused by bilobalide.
3.6 Bilobalide Promotes Chondrocyte Autophagy by Regulating AMPK/SIRT1/mTOR Pathway
The expression of the SIRT1 protein was detected by immunofluorescence. Compared to the control group, SIRT1 expression was significantly increased after 10 ng/ml IL-1β and 60 μM bilobalide treatment (p < .05) (Figures 5A,B). Western blot analysis revealed that the expression of p-AMPK and SIRT1 increased in a dose-dependent manner compared to the control group (p < .05) (Figures 5C,D). Chondrocytes were pretreated with compound C and EX-527 to verify the activation of AMPK and SIRT1 (Figures 5E,F). In the presence of 60 μM bilobalide and 10 ng/ml IL-1β, pretreatment with compound C significantly reduced phosphorylation of AMPK (p < .05), while EX-527 significantly inhibited the expression of SIRT1 (p < .05). After 60 µM bilobalide was added, the expression of p-AMPK and SIRT1 in chondrocytes significantly increased (p < .05), but the degree of increase was decreased by the addition of compound C or EX-527, respectively. This suggested that bilobalide activated the AMPK/SIRT1 signaling pathway. In order to further explore the role of AMPK/SIRT1 in autophagy signaling, compound C or EX-527 were used to determine the protein levels of mTOR, p-mTOR, iNOS, COX-2, and MMP13 (Figures 5G,H). The results revealed that in the presence of bilobalide and IL-1β, the expression of p-mTOR, iNOS, COX-2, and MMP13 were significantly reduced (p < .05). However, the addition of compound C or EX-527 improved the reduction of p-mTOR, iNOS, COX-2, and MMP13 (p < .05). These results suggested that the AMPK/SIRT1 pathway regulates the level of phosphorylation of mTOR, thereby modulating downstream cascades related to autophagy.
[image: Figure 5]FIGURE 5 | The effect of bilobalide on the AMPK/SIRT1/mTOR signaling pathway in ATDC5 chondrocytes induced by IL-1β. (A,B) The fluorescence intensity of the Sitr1 protein was detected by immunofluorescence. (C,D) Western blot analysis of AMPK, p-AMPK, and SIRT1 protein expression after treating the cells with IL-1β and different concentrations bilobalide for 24 h (E,F) Western blot analysis of AMPK, p-AMPK, and SIRT1 protein expression after chondrocytes were pretreated with the AMPK inhibitor compound C and the SIRT1 inhibitor EX-527. (G,H) Western blot analysis of mTOR, p-mTOR,iNOS, COX-2, and MMP13 protein expression after the addition of compound C or EX-527. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA, two-way ANOVA, paired two-tailed Student’s t-test, and unpaired two-tailed Student’s t-test).
3.7 Bilobalide Attenuates ACLT-Induced Post-Traumatic OA in Rats via AMPK/SIRT1/mTOR Pathway
Compared to the control group, the mechanical sensitivity of the rats was significantly reduced within 6 weeks of establishing the model, as seen in Figure 6A. In comparison to the OA group, the mechanical sensitivity of rats was significantly increased after the administration of 5 mg/kg and 10 mg/kg bilobalide. In the knee extension test, the number of vocalizations was also significantly reduced in rats after 6 weeks of bilobalide administration (Figure 6B).
[image: Figure 6]FIGURE 6 | Bilobalide attenuates ACLT-induced PTOA in rats via AMPK/SIRT1/mTOR pathway. (A) Mechanical sensitivity. (B) Vocalizations evoked by extension of the knee. (C) Representative images of the knee joint stained with hematoxylin-eosin (HE) and toluidine blue (TB) and OARSI scores after 6 weeks of treatment. Magnification ×10. (D–F) Western blot analysis of AMPK/SIRT1/mTOR pathway related proteins expression in rat cartilage. (G) The levels of ECM degradation biomarkers CTX-II, COMP, and C2C in the serum of rats after bilobalide intervention were determined using ELISA. All data were presented as mean ± SD (n = 3). *p < .05 and **p < .01 compared to the control group; #p < .05 and ##p < .01 compared to the IL-1β group (Statistical analysis using one-way ANOVA and paired two-tailed Student’s t-test).
The representative HE and TB images and OARSI scores of the knee joints of each group are shown in Figure 6C. The cartilage structure and layers of the control group were clear and complete, the chondrocytes were arranged neatly, and TB was evenly stained. The articular cartilage in the OA group was severely damaged, with obvious cracks appearing in the tibia and femur. Furthermore, the chondrocytes were vacuolated and arranged in clusters, and the intensity of TB staining was reduced. In the celecoxib group, the cartilage surface was rough, the surface of the femur was slightly rough, the surface chondrocytes were destroyed, the surface of the tibia was severely damaged, the inflammatory cells infiltrated to the middle layer, and the cell arrangement was disordered. Compared to the OA group, the OARSI score of the celecoxib group was significantly lower (p < .05). After treatment with bilobalide, the cartilage of the knee joint of rats was protected; the surface roughness of the femur was significantly reduced and the cell arrangement was relatively in order. In the 5 mg/kg + Bilobalide group a part of the tibia was still infiltrated by inflammation; the chondrocytes were disordered; however, the intensity of TB staining was stronger than the OA group. In the 10 mg/kg + Bilobalide group, chondrocyte hypertrophy and vacuolization were observed in the femoral area, and there was no obvious loss of chondrocytes; compared to the OA group, the OARSI score of rats after bilobalide administration was significantly reduced (p < .05).
As shown in Figures 6D,E, 6 weeks after ACLT surgery, the expression of inflammatory factors iNOS and COX-2 in the OA group was significantly increased (p < .05), while bilobalide inhibited the expression of iNOS and COX-2. Notably, 10 mg/kg bilobalide had the most significant therapeutic effect. We observed that compared with the OA group, the expression of p-AMPK and SIRT1 was significantly increased (p < .05) after bilobalide administration, while the expression of p-mTOR was inhibited by bilobalide (Figures 6D,F). This indicates that Bilobalide attenuates cartilage iNOS and COX-2 levels in PTOA rats through the AMPK/SIRT1/mTOR pathway.
The type II collagen degradation products CTX-II and C2C, and non-collagen COMP in ECM are OA biomarkers for evaluating cartilage damage. As shown in Figure 6G, the levels of CTX-II, COMP, and C2C in the serum of rats in the OA group were significantly increased compared to the control group (p < .05). The celecoxib group, as a positive control, effectively reduced the expression of three biomarkers in the serum compared to the OA group (p < .05). After 6 weeks of bilobalide intervention, the levels of CTX-II, C2C, and COMP in the serum of rats were significantly reduced (p < .05). Furthermore, 10 mg/kg bilobalide had a better effect than other groups. These findings demonstrated that bilobalide could effectively reduce the degradation of ECM in rats, thereby protecting the joints.
4 DISCUSSION
Ginkgo biloba L. extract has anti-inflammatory properties (Ilieva et al., 2004; Ye et al., 2019) and its sesquiterpene lactone compound bilobalide may have significant pharmacological effects (Goldie and Dolan, 2013). A large number of studies have confirmed that IL-1β is a pro-inflammatory factor that plays a key role in the pathological process of OA (Wang and He, 2018; Jenei-Lanzl et al., 2019). IL-1β induced increased OA-related protein expressions in a time and concentration dependent manner (Tu et al., 2019). The stimulation of IL-1β (10 ng/ml) for 24 h could induce inflammation in chondrocytes (Wang et al., 2019; Pei et al., 2021). IL-1β has been shown to induce the overproduction of iNOS and COX-2, which is directly relevant to the secretion of nitric oxide (NO) and prostaglandin E2 (PGE2) (Sheu et al., 2015). In our study, the expression of iNOS, COX-2 and MMP13 increased after 10 ng/ml IL-1β induced chondrocytes, which proved that 10 ng/ml IL-1β successfully induced chondrocyte inflammation model in vitro. In addition, bilobalide inhibited the expression of the iNOS, COX-2, and MMP13 proteins. In the rat PTOA model established by ACLT, bilobalide induced and inhibited the expression of iNOS and COX-2 in rat cartilage tissue. These results indicated that bilobalide inhibited inflammation and slowed down the degradation of chondrocyte ECM.
Pro-inflammatory cytokines and autophagy play a key role in the pathophysiology of diseases, and there is evidence to prove the cross-talk effect between autophagy and pro-inflammatory cytokines (Ge et al., 2018). IL-1β was demonstrated to trigger autophagosome formation, and they may induce autophagy as part of a negative feedback loop to limit the inflammatory response, and promote cytokine-mediated anti-microbial defense (Zhang et al., 2015). Autophagic processes can orchestrate the transcription, processing, and production of proinflammatory cytokines, serving as a negative feedback loop for the modulation of inflammatory as well as immune responses. Therefore, in order to clarify the optimal conditions under which IL-1β-induced chondrocyte autophagy cannot be detected, we set different IL-1β induction time under the premise of determining the concentration of 10 ng/ml IL-1β, and observe the influence of IL-1β time gradient on autophagy. Similarly, Rong et al. used LPS (0.5 μg/ml) to induce the RAW264.7 cell inflammation model, and detected the autophagy induced by LPS at different times (0–48 h) by Western blot, and found that the expression of LC3/p62 protein was reduced after 24 h of induction (Rong et al., 2021). It has been reported that compared with normal chondrocytes, rat chondrocytes treated with 10 ng/ml IL-1β for 24 h have observed a reduction in autophagy levels (Yan et al., 2021). Interestingly, we found that IL-1β (10 ng/ml) induced ATDC5 chondrocytes for 24 h, and the autophagy level was significantly reduced, which is consistent with previous studies (Zhou et al., 2021). We determined that 10 ng/ml IL-1β induced a significant decrease in the autophagy intensity of chondrocytes for 24 h.
Recent studies believe that autophagy is a key regulator of OA and a potential therapeutic target (Valenti et al., 2021; Tian et al., 2021). The production of LC3II is a common sign of autophagy maturation, and the scaffold protein p62 is the substrate protein of autophagy, which mainly accumulates substances that need to be degraded in the cell, reflecting the degree of autophagy degradation (Tanida, 2011). We found that the autophagosomes after the co-treatment of IL-1β and bilobalide increased significantly, indicating that chondrocyte autophagy was initiated. LC3II protein expression was significantly increased after bilobalide treatment, and phosphorylated mTOR and p62 proteins were significantly reduced, indicating that bilobalide induced chondrocyte autophagy by inhibiting the mTOR pathway, and the substances in autophagy were successfully degraded. Our results showed that the co-treatment of bilobalide and IL-1β significantly up-regulated the expression of autophagy-related genes (Atg genes). These results indicate that after mTOR phosphorylation is inhibited by upstream signals, the activated ULK1-Atg13-FIP200 complex participates in the formation of autophagic vesicles by activating Atg6, class III phosphatidylinositol 3-kinase and Atg14 complex (Yang and Klionsky, 2010). After autophagy is induced, LC3-I is bound to the highly lipophilic phosphatidylethanolamine (PE) by Atg7, Atg3, and Atg12-Atg5-Atg16L complex to produce LC3-II. Finally, PE promotes the integration of LC3-II into the lipid membrane to form autophagosomes. Among them, Atg9 played a key role in promoting the lipidation of Atg8 (Sawa-Makarska et al., 2020). Interestingly, We found that CQ effectively inhibited bilobalide-induced chondrocyte autophagy by inhibiting the degradation of LC3II and P62 protein. After CQ inhibited autophagy, the down-regulation of iNOS, COX-2 and MMP3 proteins induced by bilobalide was weakened. These findings indicated that autophagy is required for the protective effect of bilobalide in ATDC5 chondrocytes. This study discovered that the co-treatment with bilobalide and IL-1β increased the expression of p-AMPK and Srit1. However, the addition of compound C or EX-527 resulted in a lower increase in p-AMPK and Srit1. In the presence of bilobalide and IL-1β, the expression of p-mTOR, iNOS, COX-2, and MMP13 were significantly reduced, and the reduction of p-mTOR, iNOS, COX-2, and MMP13 were attenuated after the addition of compound C or EX-527. Previous studies have revealed that metformin has been shown to increase the phosphorylation level of AMPK and up-regulate SIRT1 protein expression, leading to increased chondrocyte autophagy and decreased catabolism (Wang et al., 2020), which is consistent with our findings. Furthermore, we validated that bilobalide regulates the AMPK/SIRT1 signaling pathway and reduces the expression of mTOR to activate autophagy and protect chondrocytes from damages.
The use of NSAIDs places a greater physical and financial burden on patients (Cooper et al., 2019). Therefore, it is particularly important to study natural compounds that have significant efficacy, few side effects, and can treat OA. Previous studies have shown that L-theanine can reduce the level of C2C in the serum of rats with OA induced by ACLT (Bai et al., 2020). Isorhamnetin inhibits the expression of COMP and CTX-II in MIA-induced OA rats and prevents cartilage damage (Tsai et al., 2019). In this study, we discovered that bilobalide had obvious health effects on OA. In the rat model of PTOA induced by ACLT, the pathological changes of cartilage were weakened after 6 weeks of oral administration of bilobalide, especially the protective effect on the femur. The serum levels of CTX-II, COMP, and C2C in the model group were significantly higher than the control group, indicating that degradation of type II collagen and proteoglycan in the cartilage ECM of PTOA rats led to the aggravation of OA. After bilobalide was administered, the levels of CTX-II, COMP, and C2C in the rat serum were significantly reduced, indicating that bilobalide inhibited ECM degradation and exerted chondroprotective effects. Furthermore, it was able to reduce joint pain in PTOA rats, reducing the symptoms of OA; this discovery is critical for future clinical studies.
The long-term safety of Ginkgo biloba L. extract is unclear, which limits its clinical application (Mahadevan and Park, 2008). In addition, excessive consumption of Ginkgo leaf extracts has been reported to cause occasional adverse effects, including gastrointestinal disturbances, dizziness, allergic skin reactions, headaches, excessive bleeding, and anaphylaxis-like reactions (only with intravenous administration) (Vale, 1998; Benjamin et al., 2001; De Smet, 2002; Mahadevan and Park, 2008). We discovered that bilobalide, a unique constituent of Ginkgo biloba L., up-regulates chondrocyte autophagy flux and autophagy-related genes via the AMPK/SIRT1/mTOR signaling pathway. Furthermore, it reduces the levels of iNOS, COX-2, and MMP13, and has a protective effect on ATDC5 chondrocytes (Figure 7).
[image: Figure 7]FIGURE 7 | Bilobalide reduces IL-1β-induced ATDC5 chondrocyte inflammation by activating the AMPK/SIRT/mTOR pathway, leading to chondrocyte autophagy.
This study revealed that bilobalide has significant anti-inflammatory and anti-ECM degradation effects in ACLT-induced rat PTOA, suggesting that it could delay the progression of OA caused by cartilage pathology and damage. However, the study only focused on cartilage degeneration. More studies are therefore needed to clarify the effects of bilobalide on synovial inflammation and subchondral bone remodeling. Moreover, further in vivo research is required to establish the effectiveness bilobalide in the treatment of OA. Importantly, extensive pharmacological and toxicity studies are required for the treatment of OA with bilobalide before investigating the possibility of its clinical application. Nonetheless, Our results could provide new insights regarding the protective mechanism of bilobalide on articular cartilage.
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Notoginsenoside R1 (NG-R1) Promoted Lymphatic Drainage Function to Ameliorating Rheumatoid Arthritis in TNF-Tg Mice by Suppressing NF-κB Signaling Pathway
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Rheumatoid arthritis (RA) is a chronic autoimmune disease that is primarily characterized by synovial inflammation. Our previous studies demonstrated that the lymphatic system is critical for the development and maintenance of RA disease, and sufficient lymph drainage helps to improve joint inflammation. In this study, we found that NG-R1, the main active component in the traditional Chinese medicinal herb Sanchi, activating lymphatic function can attenuate synovial inflammation. According to histopathological staining of ankle sections, NG-R1 significantly decreased the area of inflammation and reduced bone destruction of ankle joints in TNF-Tg mice. Near infrared-indocyanine green (NIR-ICG) lymphatic imaging system has shown that NG-R1 significantly improved the lymphatic drainage function. However, the molecular mechanism of its activity is not properly understood. Our in-depth study demonstrates that NG-R1 reduced the inflammatory cytokine production of lymphatic endothelial cells (LECs) stimulated by TNF-α, and the mechanism ameliorated the phosphorylation of IKKα/β and p65, and the translocation of p65 into the nucleus. In summary, this study proved that NG-R1 promoted lymphatic drainage function to ameliorating rheumatoid arthritis in TNF-Tg mice by suppressing NF-κB signaling pathway.
Keywords: notoginsenoside R1, rheumatoid arthritis, lymphatic drainage function, NF-κB signaling pathway, inflammation, TNF-Tg mice
INTRODUCTION
Rheumatoid arthritis is a chronic systemic disease with autoimmune pathogenesis and systemic involvement, which is associated with the overexpression profile of many proinflammatory cytokines (Petrovska et al., 2021, 102797; Hosseinikhah et al., 2021). This autoimmune disorder affects nearly 1% of the total adult population and remains a cause of high rates of morbidity and mortality in humans (Zhao and Zhang, 2018, 123). NF-κB activation contributes to the inflammatory pathogenesis of RA, resulting in synovium hyperplasia and cartilage and bone erosion (Wang et al., 2016; Zhang et al., 2018; Yang et al., 2019; Acimovic et al., 2018). Thus, the potential treatment of RA by blocking NF-κB activation interactions can be highlighted. Current RA therapies mainly target immune inflammation and the efficacy is subject to ceiling effects (Pratt et al., 2021, e337–e346).
The lymphatic system plays a key role in the pathogenesis and treatment of inflammatory and invasive arthritis, and it has been proved that improving lymphatic drainage function effectively reduced RA joint inflammation (Bouta et al., 2018, 94–106; Hou et al., 2020, 526–534; Liu et al., 2021, 541–553). The lymphatic system is involved in the pathologic development of rheumatoid arthritis by redistributing cytokines, chemical factors, and other inflammation-related factors around the inflamed joint into the lymphatic vessels, thereby reducing the inflammatory factors in the joint cavity aggravated by accumulated joint lesions (Liang et al., 2015a, 648–55). Specifically, long-term chronic inflammation will stimulate lymphatic endothelial cells (LECs) to release proinflammatory cytokines, which will accelerate the apoptosis of lymphatic smooth muscle cells (LSMCs) and inhibit their proliferation (Telinius and Hjortdal, 2019, 1777–1784, Liang et al., 2021, 58). This persistent inflammation leads to structural and functional of lymphatics abnormalities, lymphatic drainage dysfunction, and further aggravates the inflammation of the joints (Deng et al., 2021, 2174; Liang et al., 2020, e12876). Most importantly, targeting lymphatics represents an innovative strategy for therapeutic intervention in RA.
Panax notoginsen (Burk) F. H. Chen (Sanqi in Chinese) is a traditional Chinese medical drug which has the effect of promoting blood circulation and removing blood stasis (Wang et al., 2016, 234–58). Notoginsenoside R1 (NG-R1) is one of the major bioactive ingredients of Panax notoginsen. Modern pharmacological studies have indicated that NG-R1 possesses anti-tumor, anti-aging, antioxidative, and anti-inflammation effects (Sun et al., 2013, 1758–70, Yu et al., 2016, 21730; Liu et al., 2020, 551–565). However, it is not clear whether NG-R1 can alleviate arthritis inflammation in RA and whether it has beneficial effects on lymphatic function. We in a preliminary experiment found that NG-R1 had anti-inflammatory and anti-rheumatic effects. Therefore, we conducted in vivo and in vitro experiments to verify that NG-R1 reduces articular inflammatory injury and alleviates RA progression by promoting lymphatic drainage function.
MATERIALS AND METHODS
Animals
Three-month-old female TNF-Tg (TNF-Tg line 3,647) mice were provided by the Shanghai Southern Model Animal Laboratory Center (Shanghai, China). The TNF-Tg mice were bred as heterozygotes on a C57BL/6 background, and their wild-type (WT) littermates were used as normal controls. Mice were housed in a temperature (25°C) and humidity (45–55%)-controlled environment and provided libitum access to maintenance diet and water. All animal procedures were performed according to the Guiding Principles for the Care and Use of Laboratory Animals approved by the Animal Regulations of the National Science and Technology Committee of China under the approval of the Longhua Hospital Animal Ethics Committee (Shanghai, China).
Drug Intervention
TNF-Tg mice were randomly divided into two groups: TNF-Tg group and NG-R1 group (10 mice/group). A batch of littermates of wild type (WT) mice were used as the WT group (10 mice/group). The TNF-Tg group and WT group were treated with the same volume of 0.5% CMC-Na (0.5 g CMC-Na + 99.5 ml aqueous solution + 500 µl tween). NG-R1 group mice were treated with 20 mg/kg NG-R1 (2 mg NG-R1 + 1 ml 0.5% CMC-Na) by daily intraperitoneal injection and continuously for 8 weeks.
Arthritis Symptoms Assessment
We conducted the measurements of arthritis index, ankle circumference, and weight. Arthritis disease malformation grade assessment: arthritis grade 0, normal (no swelling or malformation); grade 1, mild, but marked redness of the ankle joint or wrist swelling, or significant redness and swelling or malformation limited to individual figures, regardless of the number of affected numbers; grade 2, moderate redness and swelling or malformation of the ankle or wrist; grade 3, severe redness and swelling or malformation of the entire paw, including number; grade 4, the limbs are most inflamed and multiple joints. Body weight: an electronic body weight scale will measure weight once a week. Ankle circumference: the degree of ankle joint swelling was measured with a vernier caliper. The counts and grades recorded by two independent blinded examiners once a week.
Near-Infrared Indocyanine Green Lymphatic Imaging
Mice were anesthetised with isoflurane and treated with local depilation, then ICG (0.1 μg/ml, dissolved in distilled water and stored at 4°C in the dark) was injected into footpads. After the ICG signal was stable, the fluorescence signal was observed for 600 s continuously, and the pulse number was obtained according to the fluctuation times of the signal intensity of lymphatic vessels. The ImageJ software (National Institutes of Health, Bethesda, Maryland) was used to determine the region of interest (ROI) during the lymph flow in the leg of mice, and the fluorescence signal intensity within the ROI was recorded at 1 and 24 h. Lymphatic clearance was calculated according to the following formula: clearance = ((ROI1h−ROI1hbg)-(ROI24h− ROI24hbg))/(ROI1 h − ROI1 hbg)*100% (bg = background).
Histologic and Histomorphometric Analyses
After ending treatments, the mice were sacrificed, and the ankle joints were excised to prepare paraffin sections. Four-micrometer consecutive tissue sections were cut from each arrayed paraffin block and prepared on pathological slides. The slices were stained by alcian blue/orange G (ABOG) or tartrate-resistant acid phosphatase (TRAP) for histologic analysis. The inflamation area, cartilage area, osteoclast number at ankle joints, and astragalus bone area of the ankle joint of mice in 3 groups were statistically analyzed. Slides were scanned using the Olympus VS120-S5-E whole-slide imaging system (Olympus, Japan). All images were analyzed using the Olympus OlyVIA software (Olympus, Japan).
Immunofluorescence and Immunohistochemistry
The number of lymphatic vessels was counted by immunofluorescence staining. The tissue sections were added with trypsin and repaired in 37°C incubators for 15 min, blocked by 4% Bovine Serum Albumin (BSA) for another 1 h. Primary FITCα-SMA antibody (Sigma, F3777) and hamster monoclonal antimouse podoplanin antibody (Abcam, cat. #ab11936) incubate overnight at 4°C. The second Goat anti-hamster podoplanin (1:400, diluted by 0.4%BSA/PBS reagent) was incubated for another 1 h and immunofluorescence staining slides were scanned using an Olympus VS-120 whole-slide imaging system.
Whole-mount staining of the back skin of the foot was stained to analyze the percentage of smooth muscle cell (SMC) coverage. The skin of the back of the foot was obtained when mice were sacrificed. We removed fat and other connective tissue, and then soaked the kin in 10% formalin at 4°C overnight and then permeated with 0.5% Triton X. After blocking with 4% Bovine Serum Albumin (BSA) for another 1 h, the skin tissues were incubated with 1: 1,000 dilution of Podoplanin antibody (Abcam, cat. #ab11936) and 1:400 dilution of fluorescein isothiocyanate labeled anti-SMA antibody at 4°C overnight. The images were recorded by Olympus VS-120 software. The whole operation should avoid light. The calculation formula is as follows: SMC coverage percentage = (SMC coverage area/whole lymphatic vessel area) × 100%.
Micro-Computed Tomography
The tight ankle joints were obtained when mice were sacrificed and then fixed in 10% formalin for 48 h, washed in phosphate-buffered saline (PBS) for 2 h, and then soaked in 75% ethanol, scanned by micro-CT system (Scanco VIVA CT80, SCANCO Medical AG, Switzerland). The X-ray tube voltage was 55 kV and tube current 72 μA, with a voxel size of 10 µm. The cross-section images were realigned in 3D using the SCANCO proprietary software to observe the morphology of astragalus.
Serum Biochemical Parameters Determination
Peripheral blood samples were collected from mice when they were sacrificed. Blood samples (1 ml each) were collected from mouse eyeballs and then centrifuged to extract the upper serum. The serum level of Inflammatory cytokines TNF-α (NeoBioScience, China. cat.# EMC102a) and IL-6 (NeoBioScience, China. cat. #EMC004) were detected in strict accordance with the instructions of the kit.
Cell Culture
Mouse Primary Lymphatic Endothelial Cells/C57-6092 (Catalog Number: C57-6092) were cultured in α-MEM (Hyclone, Logan, UT, United States) supplemented with 100 IU/ml of penicillin/streptomycin (Sigma-Aldrich, United States) and 10% heat-inactivated fetal bovine serum (Gibco, United States) and maintained at 37°C in a humidified atmosphere with 5% CO2.
Cytotoxicity Assay
Cytotoxicity assay was measured by Cell Counting Kit-8 (Dojindo. Japan. cat. #CK04) assay according to the manufacturer’s instructions. LECs were adjusted at a density of 1 × 104 cells/ml seeded in a 96-well plate, then exposed at various concentrations of NG-R1 for 24 h. A total of 10 µl CCK-8 solution was added into each well for another 1 h at 37°C. The resulting optical density was detected at 450 nm by a microplate reader (Biotek).
Co-Culture of LECs and LSMCs
Co-culture was performed with Transwell (0.4 μm pore size, Corning). LECs were seeded on chambers in 6-well plates for 24 h, and then pretreated with NG-R1 (5, 10, and 50 µM) for 2 h, stimulated and then pretreated with NG-R1 (5, 10, 50 µM) for 2 h and stimulated with TNF-α, culture chambers with LECs were then transferred into another 6-well plate, which had already been coated with LSMCs for 2 days. After 24 h of co-culture, LSMCs were harvested for analysis of the expression level of functional muscle genes h1-calponin, smα22, SM myosin heavy chain, and smα2 mRNA.
Real-Time Polymerase Chain Reaction
Total RNA was extracted using Trizol (Thermo.United States. cat. #15596018) reagent according to the manufacturer’s instructions and the cDNA obtained by using the PrimeScript TM RT kit (Taraka. Japan. cat. #RR037A) according to the manufacturer’s protocol. Real-time PCR analysis was performed using Hieff TM qPCR SYBR Green Master Mix (Taraka. Japan. cat. #1 1201ES08) reagents on q-PCR CFX96 machine (Bio-rad). The primers for qRT-PCR were shown in Table 1.
TABLE 1 | Sequence of primers used in the real time polymerase chain reaction.
[image: Table 1]Western Blot
The protein was collected, and 30 µg of protein from each sample was separated by 15% SDSPAGE and transferred to polyvinylidene flfluoride membrane and then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE) and transferred to a Polyvinylidene flfluoride (PVDF) membrane. After blocking with 5% bovine serum albumin in TBST at room temperature for 2 h, the membranes were incubated with the Phospho-IKKα (Ser176)/IKKβ (Ser177) Antibody (cat. # 2688), Phospho-NF-κB p65 (Ser536) (93H1) Rabbit mAb (cat. #3033) overnight at 4°C. After washing with TBST for three times, the membranes were incubated with the corresponding horseradish peroxidase-labeled secondary antibodies (cat. #7074). Proteins were scanned using the ECL detection system. All the antibodies were purchased from Cell SignalingTechnology (Beverly, NJ, United States).
Statistical Analysis
Statistical analysis was performed by Graphpad Prism (Version 8.0). Data are presented as means ± standard error of mean (SEM). One-way ANOVA followed by Dunnett’s t-test was used to determine differences between groups. As to 3 groups with different time points, we applied two-way ANOVA (or nonparametric) comparison. p < 0.05 were considered statistically significant.
RESULTS
NG-R1 Alleviates the Symptoms of Articular Inflammation in TNF-Tg Mice
To establish whether NG-R1 reduced inflammation, we used TNF-Tg mice model and treated with NG-R1 for 8 weeks (Figure 1). As for arthritis symptoms assessment, we found that NG-R1 treatment group did significantly attenuate the degree of joint malformation and ankle circumference in TNF-Tg mice compared to the model group (Figures 1B,C). Body weight is an important index to reflect body development, and showed that NG-R1 treatment group did effectively improved the trend of weight loss in TNF-Tg mice (Figure 1D). To further confirm the anti-inflammatory effect of NG-R1 in TNF-Tg mice, we tested the expression of serum inflammatory factors in mice by ELISA Kit and found that NG-R1 could effectively inhibit the expression of serum inflammatory factors IL-6 and TNF-α (Figures 1E,F). These results indicated that NG-R1 alleviates the symptoms of articular inflammation in TNF-Tg mice.
[image: Figure 1]FIGURE 1 | TNF-Tg mice exhibited ameliorated inflammation after 8 weeks of NG-R1 treatment. (A) Schematic flow of mice treatment strategy and experimental procedure. The representative pictures of the paws of mice after treatment. (B–D) The arthritis malformation grades,circumference and weight in TNF-Tg mice were evaluated weekly. (E,F) ELISA Kit was performed on serum for IL-6 and TNF-α. Data represent mean ± SEM, (n = 10 per group). *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA.
NG-R1 Attenuated the Synovial Inflammation, Hyperplasia, and the Cartilage and Bone Destruction of the Joint
A histopathological evaluation of the ankle joints was performed to examine the degrees of inflammatory damage. Histological examination and histomorphometric analysis showed that ankle joints from the model group had severe synovial inflammatory hyperplasia, cartilage loss, bone destruction, and greater osteoclasts numbers around the astragalus. ABOG staining analysis showed that NG-R1 treatment group had conspicuous reduced synovial inflammation, bone erosion, and cartilage destruction (Figures 2A–C,E). TRAP staining found that the NG-R1 treatment group had fewer osteoclasts around the astragalus in the ankle joints than the model group (Figures 2A,D). Three-dimensional micro-CT results indicated that the ankle joints in the model group was obviously eroded, while the NG-R1 treatment group remained intact (Figure 2A). These results indicated that NG-R1 effectively attenuated the inflammatory symptoms of ankle joints and inhibited the development of rheumatoid arthritis in TNF-Tg Mice.
[image: Figure 2]FIGURE 2 | NG-R1 protects TNF-Tg mice from synovial inflammation and inflammatory bone loss. (A) Representative images stained for ABOG and TRAP at ankle joint sections. Black arrows indicate synovial tissue (S). Blue arrows indicate cartilage (C). Red arrows indicate the TRAP-positive mature osteoclasts. Longitudinal sections of 3-dimensional reconstructed ankle joints by micro-CT. ABOG staining: Magnification, ×80; scale bars per column, 200 μm. TRAP staining: Magnification, ×80; scale bars per column, 200 μm. Locally large graph: Magnification, ×200; scale bars per column, 50 μm. (B–E) Quantification of inflamation area, cartilage area, trap postive area, and astragalus bone area. Data represent mean ± SEM (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.
NG-R1 Promotes Lymphatic Drainage Function in TNF-Tg Mice
Our previous studies demonstrated that sufficient lymph drainage helps to improve joint inflammation (Liang et al., 2015). We next sought to investigate if NG-R1 attenuated inflammation in TNF-Tg mice was somehow due to promoted lymphatic drainage function. The lymphatic vessel function was related to the contraction frequency of lymphatic vessels and lymphatic pulse frequency. At 24 h after mice were injected with ICG in the left footpad, we found that the fluorescence intensities of TNF-Tg mice were higher, and this prompted us that TNF-Tg mice display impaired lymphatic function. However, after NG-R1 treatment the mice showed more rapid clearance of ICG, and this results indicates an enhanced lymphatic clearance function (Figures 3A,B). Lymphatic pulse frequency is proven to be another important indicator of lymphatic drainage function. The lymphatic pulse frequency of TNF-Tg mice was about 0.7 beats per minute, and then after NG-R1 treatment, the frequency was able to reach 1.0 beats per minute (Figures 3C,D). These data suggested that NG-R1 promotes lymphatic drainage function in TNF-Tg mice.
[image: Figure 3]FIGURE 3 | NG-R1 improved the lymphatic drainage function by increasing the pulse and clearance rate of TNF-Tg mice lymphatic vessels. Lymphatic vessels of the left footpad were examined using near-infrared ICG imaging immediately and at 1 and 24 h post-ICG administration. The ICG fluorescence signal intensity at the footpads (outlined by the red circles) was recorded and used the software ImageJ analyzes the marked area and obtains within 600 s fluctuates. (A,B) A representative ICG signal of footpads and the percentage of ICG clearance. (C,D) Detection and analysis of lower limb lymphatic contraction pulse in TNF-Tg mice. Data represent mean ± SEM (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.
NG-R1 Improves Lymphatic Vessels Structure Recovery
To prove whether the mechanism of NG-R1 improving lymphatic function is related to promoting lymphatic structural recovery and increasing the number of lymphatic vessels, we performed Whole Mount staining and immunofluorescence staining. Whole Mount staining revealed that the structure of the lymphatic vessel was significant destruction and the area covered by lymphatic smooth muscle was reduced in the model group (Figure 4A). The area covered by lymphatic smooth muscle was increased in the NG-R1 treatment group compared with the TNF-Tg mice group (Figure 4B). In addition, we conducted podoplanin/α-SMA immunofluorescence staining to examine the numbers of the lymphatic vessel. Immunofluorescence staining is visible in yellow indicating the collecting lymphatic vessels (Figure 4C). We performed statistical experiments on the number of collecting lymphatic vessels. However, NG-R1 did not affect the lymphatic vessel numbers in TNF-Tg mice (Figure 4D). These data indicate that NG-R1 improves lymphatic vessel structure recovery but not increase the number of lymphatic vessels.
[image: Figure 4]FIGURE 4 | NG-R1 improves lymphatic vessels structure recovery. (A) Whole Mount Immunofluorescence Staining of Lymphatic capillaries. α-SMA (green)and PDPN (red). Bar, 200 μm. (B) Proportion of lymphatic smooth muscle region were counted (n = 6 per group). (C) Immunofluorescence Staining showed that yellow arrow was indicated blood vessels (Podoplanin−/α-SMA+), white arrow indicates collecting lymphatic vessels (Podoplanin+/SMA+). (D) The number of lymphatic vessels was statistically analyzed (n = 8 per group). Immunofluorescence staining: Magnification, ×80; scale bars per column, 200 μm. Locally largegraph: Magnification, ×80; 100; scale bars per column, 100 μm. Data represents mean ± SEM, NS > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA.
To further verify the effect of NG-R1 on lymphatic smooth muscle cell function, we simulated the lymphatic structure and established a coculture system. LECs with or without NG-R1 pretreatment were stimulated with TNF-α and then co-cultured with LSMCs via transwell for 24 h. The results demonstrated that paracrine factors from the TNF-α stimulated LECs reduced the expression levels of muscle-related genes, including h1-calponin, smα22, smooth muscle myosin heavy chain, and smα2 in the LSMCs, which is prevented by NG-R1 (Figures 5A–D). NG-R1 increased the expression of the lymphatic smooth muscle cell function marker gene and promoted the recovery of the lymphatic vessel structure.
[image: Figure 5]FIGURE 5 | NG-R1 improved the function of lymphatic smooth muscle cells (LSMCs) in the inflammatory state induced by TNF-α. (A–D) The coculture model of LECs and LSMCs was used to detect the effect of NG-R1 (5, 10, and 50 μM) on the expression level of functional muscle genes h1-calponin, smα22, SM myosin heavy chain, smα2 mRNA of LSMCs in inflammatory environment induced by TNF-α (20 ng/ml). Data represents mean ± SEM. The experiment was repeated at least three times. *p < 0.05, One-way ANOVA.
NG-R1 Reduces the Production of Pro-Inflammatory Cytokines by TNF-α Treated LECs
We investigated the CCK-8 kit to assess the potential cytotoxicity of NG-R1, and we found that NG-R1 did not affect cell viability on LECs after incubation 24 h even at a concentration of 100 µM (Figure 6A). Therefore, we decided to set the highest concentration of NG-R1 at 100 µM for the following experiments. LECs were pretreated with NG-R1 (5, 10, and 50 µM) for 2 h, then stimulated with TNF-α (20 ng/ml) for another 12 h. It has been shown that TNF-α significantly increased crucial pro-inflammatory cytokines TNF-α, IL-1β, IL-6, and iNOS mRNA expression levels. We found that NG-R1 dose-dependently decreased the mRNA expression of TNF-α, IL-1β, IL-6, and iNOS induced by TNF-α activated LECs (Figures 6B–E).
[image: Figure 6]FIGURE 6 | NG-R1 ameliorated the inflammatory cytokines production of LECs stimulated by TNF-α. (A) Cytotoxicity assay used Cell Counting Kit-8 to determine the effective concentration of NG-R1. LECs was treated with different concentrations of NG-R1 (5, 50, 100, and 200 μM) for 24 h. (B–E) LECs were also pretreated for 2 h with NG-R1 (5, 50, and 100 μM) prior to stimulation with TNF-α (20 ng/ml) for another 12 h. The mRNA levels of TNF-α,IL-1β, IL-6, and iNOS were determined using qPCR. Data represents mean ± SEM. The experiment was repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.001, One-way ANOVA.
NG-R1 Suppressed the Phosphorylation of p65 and p65 Nuclear Accumulation in TNF-α-Induced LECs
It has been demonstrated that the NF-κB signaling pathway is a crucial inflammatory pathway involved in the development of rheumatoid arthritis. Thus, we examined whether NG-R1 regulates the activation of NF-κB signaling in LECs cells stimulated with TNF-α. We found that the phosphorylation of IKKα/β and p65 was markedly increased after being stimulated with TNF-α (20 ng/ml) for 15 min and 30 min. The phosphorylation of p65 was significantly inhibited in TNF-α-induced cells by treatment of NG-R1 (50 µM). However, it did not affect the phosphorylation of IKKα/β (Figures 7A–C). In addition, an immunofluorescence assay revealed that NG-R1 significantly reduced the level of p65 in the nucleus of LECs induced TNF-α-stimulated (Figures 7D–E). Thus, NG-R1 inhibited TNF-α-induced activation of the NF-κB signaling pathway.
[image: Figure 7]FIGURE 7 | NG-R1 inhibited NF-κB activation by impairing p65 phosphorylation. (A–C) Immunoblots for phos-phorylation of IKKα/β, p65, protein level in LECs stimulated with TNF-α (20 ng/ml) for 0, 15, and 30 min in the presence of NG-R1 (50 µM). The experiment was repeated at least three times. (D) The cells were stained with anti-p65 (green) and DAPI (blue) for 30 min. (E) LECs were stimulated with TNF-α for 30 min in the presence or absence of NG-R1 pretreatment for 2 h. Data represent mean ± SEM. The experiment was repeated at least three times. *p < 0.05, one-way ANOVA.
DISCUSSION
NG-R1 exhibits a pharmacological activity against excessive inflammation, but its mechanism of action has not been studied in RA. Here, our study is the first time to investigate the anti-inflammatory effect of NG-R1 in RA as well as elucidate its possible mechanism by which NG-R1 alleviates RA symptoms. Our current study demonstrated NG-R1 as a potential effective therapeutic medicine for the treatment of RA. We found that NG-R1 effectively improved inflammatory symptoms in the ankle joint of TNF-Tg mice by promoting the lymphatic drainage function while suppressing NF-κB signaling pathway-mediated production of proinflammatory effectors in LECs.
Notoginsenoside (NG-R1) is a novel triterpene saponin compound, one of the main bioactive ingredients from Panax notoginseng (PN) root, which is commonly used to treat cardiovascular diseases (Zhu et al., 2020), neurodegenerative disease (Liu et al., 2020), diabetic nephropathy (Zhang et al., 2019), and cancer (Li et al.,2020). NG-R1 improved the imbalance between iNOS and eNOS and blockaded activation of NF-κB and the subsequent myocardial inflammatory and apoptotic responses in endotoxemic mice (Sun et al., 2013). NG-R1 relived LPS-elicited inflammatory damages via blocking NF-κB in a miR-301a-silenced manner (Dong et al., 2020). NG-R1 protected neuron cells from inflammatory damage by decreasing pro-inflammatory cytok IL-2, IL-6, and TNF-α expression, and inactivating the JNK pathway (Sun et al., 2019). Inflammation plays a key role in its pathogenesis, and they can aggravate persistent pain, structural change within the joint, bone destruction, and disability. TNF-Tg mice as a mature model of RA with TNF-α overexpression, which spontaneously develop mild ankle joint inflammation and bone erosion (Wang et al., 2020). Therefore, we chose 3-month-old TNF-Tg mice and WT littermates, and our current study proved that NG-R1 significantly attenuated the degree of joint malformation and ankle swelling in TNF-Tg mice, and improved the gradual emaciation of mice. The pathological changes of rheumatoid arthritis usually include synovial hyperplasia (Nygaard and Firestein et al., 2020), pannus formation (Huh et al., 2015), degeneration of cartilage, and bone destruction (Hardy et al., 2018). histopathological evaluation of the ankle joints and three-dimensional micro-CT further confirmed that synovial hyperplasia, cartilage loss, and bone destruction were effectively relieved after the treatment of NG-R1. Evidence suggests that cytokines such as IL-1, IL-6, and TNF-α contribute to the induction and maintenance of inflammation during the pathological process of RA (Noack and Miossec et al., 2017). Meanwhile, our study confirmed that NG-R1 inhibited the expression of inflammatory factors IL-6 and TNF-α in serum and reduced the inflammatory response in vivo.
The lymphatic system plays an integral role in the development and progression of a range of disease conditions (Abdallah et al., 2020), which maintains extracellular fluid homeostasis as favorable, promotes metabolism, regulates immunity, and this also proves that it is possible to study the pathology and mechanism of the disease from the perspective of the lymphatic system (Breslin et al., 2018). We have shown previously that TNF-Tg mice with severe arthritis typically have reduced or loss of lymphatic vessel contractions and decreased lymphatic flow from inflamed joints, but the mechanisms involved are unknown. Our previous studies showed that sufficient lymph drainage helps to improve joint inflammation, and drugs activating lymphatic function can attenuate synovial inflammation (Guo et al., 2009). In this study, we showed NG-R1 promoted lymphatic drainage function in TNF-Tg mice by accelerating lymphatic pulse frequency and lymphatic clearance. Next, we investigated the effect of NG-R1 on the structure and number of lymphatic vessels. Immunofluorescence staining results confirmed that NG-R1 did not affect the lymphatic vessel numbers in TNF-Tg mice, but it improved the destruction of lymphatic structures in the inflammatory state and increased the area covered by lymphatic smooth muscle.
Our previous studies have confirmed the importance of lymphatic system in arthritis inflammation. In this study, as a common inflammatory inducer, TNF-α was applied to evoke extreme inflammation in LECs. TNF promoted the production of nitric oxide (NO) by LECs and caused LSMCs apoptosis, reduced expression of muscle functional genes, and LSMCs contribute to the dysfunction of synovial lymphatic vessels in inflammatory arthritis. Thus, we conducted the coculture system of LECs and LSMCs.The results demonstrated that NG-R1 increased the expression of lymphatic smooth muscle cell function marker geneh1-calponin, smα22, SM myosin heavy chain, and smα2 and promoted the contractile function of LSMCs and accelerated lymphatic drainage. NF-κB signaling pathway is one of the important transcriptional pathways in RA, which mainly regulates the level of pro-inflammatory mediators and induces the expression of IL-1, IL-6, and TNF-α and promotes the phosphorylation of p65 and IKKα/β in LECs. Our results show that NG-R1 dose-dependently inhibits TNF-α induced inflammatory cytokines TNF-α, IL-1β, IL-6, and iNOS production in LECs. NG-R1 repressed the phosphorylation of p65, and p65 nuclear accumulation relieved TNF-α-elicited inflammatory damages. However, NG-R1 without any effect on the phosphorylation of IKKα/β under the stimulation of TNF-α. Furthermore, inhibiting NF-κB signaling pathway in TNF-TG mice also inhibited the expression of serum inflammatory factors and improved synovial inflammation, cartilage erosion, and bone destruction of the ankle joint. These have led us to speculate that NG-R1 may play an anti-inflammatory role in RA. In future work, we also plan to continue to conduct experiments to explore NF-κB signal pathways by adding inhibitors or activators.
CONCLUSION
In summary, using TNF-Tg mice as a model of chronic inflammatory arthritis, we reported for the first time that NG-R1 promoted lymphatic drainage function to ameliorate rheumatoid arthritis by suppressing the NF-κB signaling pathway. Thus, inhibiting inflammatory cytokines production and improvement of the lymphatic vessel draining function together represent a potential therapeutic strategy for RA. Meanwhile, it also represents that NG-R1 is a new potential treatment for rheumatoid arthritis.
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Group TLR4-positive cells Groups TLR4-positive cells

Normal control 1.83 +0.31 Simvastatin 85 099"

HFD 8.83+06" Simvastatin + fluoxetine 6.83+ 101"
CUMS 17.33 + 1.12% Puerarin (30 mg/kg) 14.67 + 1.20"
HFD/CUMS 2250 +1.31"" Puerarin (60 mg/kg) 6.67 + 084"
Fluoxetine 15.83 + 0.7 Puerarin (120 mg/kg) 3.83 + 060"

The number of TLR4-positive cells was averaged from six random grids. Values are expressed as mean + S.E:M (n =6). *'p < 0.01 vs. the nomal control group; 'p < 0.05and *p < 0.01vs.
the HED/CUMS group.
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Genes

GAPDH
FXR
SHP
FGF15
FGFR4
CYP7A1
CyPgB1
SREBP1
ACC
FASN
SCD1
TNF-a
IL-6

Gene function

Internal control
BA receptor

Form heterodimer with FXR
Feedback inhibition of BA synthesis
FGF15 receptor

BA synthesis enzyme

BA synthesis enzyme

Transcription of lipogenesis

Key enzyme in fatty acid synthesis
Key enzyme in fatty acid synthesis
Key enzyme in fatty acid synthesis
Inflammatory cytokine

Inflammatory cytokine

Forward primer

GTGCCGCCTGGAGAAACC
CGGCTGTCAGGATTTGTGC
AACCTGCCGTCCTTCTGC
GATCCACTCTTTCTCTACGGCTG
CTGTATGGGCTAATGAGGGAGTG
TTCAAGACCGCACATAAAGCC
CTCGGGTGTTTCCAAGTGC
AGTCCAGCCTTTGAGGATAGCC
CCACAGAACTTACAAGGCACG
GTCAACAACCATAGGCGATTTC
GACCTGAAAGCCGAGAAGC
ACGTGGAACTGGCAGAAGAG
AAATGATGGATGCTACCAAACTG

Reverse primer

GGTGGAAGAGTGGGAGTTGC
GAAGCCCAGGTTGGAATAGTAAG
GAGCCTCAGCCACCTCGA
CGTTCGTTTTGGTCCTCCTC
TCAGGCGGAGGTCAAGGTAC
GAGATGCCCAGAGGATCACG
GGGCTTCAGGCGATAGAGG
CCGTAGCATCAGAGGGAGTGAG
GAATTGTGAGGGTCGGCG
GCACCCTGACCCAGAATACC
ATGAAGCACATCAGCAGGAGG
GGTTGTCTTTGAGATCCATGC
CTCTGGCTTTGTCTTTCTTGTTATC
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Characteristics Patient

Age (years) 52

Gender Male

Disease severity ~ EAS| score:13

Lesion Area Head and neck, 30-40%

Signs and symptoms

Eczema Significant redness; score 3

Inftration/ Infiltration occurred; score 3

papule

Scales Local mild desquamation, mainly fine scales; score 1

Exudation/crust  Extensive dermal edema; score 3

Pruritus Frequent itching and scratching, affecting life and sleep,
unbearable; score 3

Erosion None; score 0

Famiy history ~ None
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Forward (5'-3)

TGCCACCTTTTGACAGTGATG
TCAACCCCCAGCTAGTTGTC
CCAGTACAGCCGGGAAGACA
CAGCATGGTATGGAGTGTGG
CTACTGCATGAGACTCCGTTCTG
GCGTCATTGAATCACACCTG
GCTGAGCTCAAACCCTGGTA
CAGCTCTGGACTCTTCCCAC
TGAGGCCATTCAGTATGTGG
TGACAGGATGCAGAAGGAGA

Reverse (5'-3)

ATGTGCTGCTGCGAGATTTG
TCTGTGGTGTTCTTCGTTGC
CAGCTGGTCCTTTGTTTGAAAGA
AGGCTGGAGACCGTAGTGG
AGAATCCCGTGGATAGGCAGAG
TGAGCTCATTGAATGCTTGG
CGGACTCCGCAAAGTCTAAG
GTTCACACACTCCCTGCCTT
CTTCCATTGCTCCTGCTTTC
CGCTCAGGAGGAGCAATG

Size

136 bp
184 bp
121 bp
153 bp
136 bp
129 bp
118 bp
112 bp
104 bp
75 bp
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Antibody

CD44
RORyt
IFN-y
GATA3
cD4
Foxp3
IL-17A
cp3
CD45
CD45R/B220
CD62L
IL-4
ST2
Ki67
cD127
CD8a
CD25
7-AAD

Parameter

FITC

PE

PE-CF 504
PE-CF 594
PE-Cy7

Alexa Fluor” 647
Alexa Fluor” 647
Alexa Fluor” 700
APC-Cy7
APC-Cy7

Bv421

BV421

BV421

BV605

BV605

BV605

BVE50

Clone

M7
Q31-378
XMG1.2
L50-823
RM4-5
MF23
TC11-18H10.1
17A2
30-F11
RA3-6B2
MEL-14
11B11
DIH9
16A8
ATR34
53-6.7
3C7

Vendor

BD
BD
BD
BD
BD
BD
BioLegend
BioLegend
BD
BD
BD
BD
BioLegend
BioLegend
BioLegend
BD
BD
BioLegend
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Parameters Control Vehicle MTX (3 mgkg™) Td (5 mgkg™) Td (15mgkg™)

Body weight gain (%) 27.29+5.98 -5.11 £ 1.35"* 7.86 + 247" 7.72 2447 12,68+ 3.66™"
Index of heart (%) 0.34 + 0.02 0.42 + 0.03"** 0.41+0.05 0.37 +0.04 0.40 + 0.01
index of liver (%) 382+025 476 + 0.53" 3.88 +0.32" 4384025 420+ 055
Index of kidney (%) 039+ 0.03 054 + 0.06"* 0.49 £ 0.04 0.44 £0.04™ 0.45 +0.04™
Index of spleen (%) 0.5+ 0.02 0.41 £ 0.06"" 0.32 £ 0.05 0.37 +0.07 0.32 + 0.06
index of thymus (%) 026+ 0,04 0.27 + 006 023+ 0.05 022 +0.06 029 +005
AST (UL) 25.78 + 5.81 23.90 + 2.62 24.31 +2.00 2462 £1.73 25.46 + 092
ALT (UA) 26.90 + 0.48 27.72 + 2.60 2613+ 0.48 25.38 + 1.57 2512 +165

Rats were intraperitoneall injected with Td (5 and 15 mg+kg™") or 0.9% saline daily for up to 14 days. The MTX-treated group was intraperitoneally injected with MTX (3 mg-kg™') every
3 days according to clinical usage. Datawere expressedas mean + SD; n =6, **P < 0.01 and ***P < 0.001 versus the normal control (age-matchedrats); P < 0.01 and ™P <0.001 versus
the vehicle-treated CIA rats. ALT, alanine aminotransferase: AST. aspartate aminotransferase.
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Genus level

norank_{_Bacteroidales_S24-7_group
Lactobacilus
Lachnospiraceae_NK4A136_group
Prevotella_9
unclassified_{_Lachnospiraceae
Roseburia

Blautia
Ruminococcaceae_UCG-005
unclassified_{_Ruminococcaceae
Prevotella_1

Otham

Control

14.47
9.67
6.27
1.21
6.18
534
3.06
3.26
275
3.63
34.15

Model

14.44
19.50

17.41
172
5.20
1.88
0.96
391
2.54
0.10

29733

SHD-L

16.29
16.88
12.66
3.95
6.89
1.49
0.57
3.64
3.64
0.63
33136

SHD-H

17.99

713
9.15
8.59
4.73
514
5.56
2.60
292
2.86

331392

SNS

21.09
14.87

5.22
6.08
7.68
2038
223
2.77
2.83
2.62

32 50

FOS

10.56
7.86
0.15
18.67
8.81
424
6.61
231
245
722
3112
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Phylum level

Firmicutes
Bacteroidetes
Proteobacteria
Saccharibacteria
Actinobacteria
Tenericutes
Cyanobacteria
Spirochaetae
Others

Control

62.71

33.30

3.44
0.17
0.17
0.18
0.01
0.01
0.02

Model

78.22
18.84

1.93
0.46
023
0.27
0.03
0.00
0.01

SHD-L

73.56
23.60

1.62
0.61
0.25
0.38
0.02
0.02
0.03

SHD-H

63.73

34.52
1.13
0.20
0.27
0.08
0.01
0.08
0.01

SNS

61.03

36.97
1.63
0.03
0.13
0.04
0.1
0.00
0.05

FOS

58.46
39.05
152
0.31
0.40
0.10
0.03
0.12
001
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Peak Retention
number  times/min

4.464
5.530
6.309
6.513
6.684
7.139
9.814

b L ol e

Quasi-

molecular

ion (m/z)

5265.1624
419.1339
581.1854
611.1946
611.1946
352.1566
825.4623

Formula

CoaHe011
Ca1H2200
CorHz014
CoaHsiO1s
CoaHaiOis
C21H22CINO4
CuazHeeO1a

Error
range

(10°9)

1.90

0.48
-1.89
-3.93
-3.93
4.83

230

"Threa prolotype components were datacied i the SHD-contanng serum.

Fragment
ion (m/z)

479.15, 449.15
257.08, 149.02
419.13,273.07
303.08, 153.01
303.08, 153.01
337.13,322.11
7795

lon detection
mode

P

Constituents.

Paeoniflorin
Liquiritin

Naringin®
Hesperidin
Neohesperidin®
Palmatine chioride®
Saikosaponin A

Source

Paeonia lactifiora Pall
Glycyrrhiza uralensis Fisch.
Citrus aurantium L.
Citrus aurantium L.

Citrus aurantium L.
Coptis chinensis Franch.
Bupleurum chinense DC.
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Gene

-actin
Atg3
Atg4
Atg5
Atg6
Atg7
Atg9
Atlg12
Atg13
Alg16

Forward primer (5'-3)

5'-GTGACGTTGACATCCGTAAAGA-3'
5'-ACACGGTGAAGGGAAAGGC-3'
5'-GCTGGTATGGATTCTGGGGAA-3'
5'-TGTGCTTCGAGATGTGTGGTT-3"
5'-ATGGAGGGGTCTAAGGCGTC-3"
5'-TCTGGGAAGCCATAAAGTCAGG-3"
5'-CCGAGGGGAGCAAATCACC-3'
5'-TGAATCAGTCCTTTGCCCCT-3"
5'-CCAGGCTCGACTTGGAGAAAA-3'
5'-GCCCAGTTGAGGATCAAACAC-3'

Reverse primer (5'-3')

5'-GCCGGACTCATCGTACTCC-3'
5'-TGGTGGACTAAGTGATCTCCAG-3'
5'-TGGGTTGTTCTTTTTGTCTCTCC-3"
5'-ACCAACGTCAAATAGCTGACTC-3"
5'-TGGGCTGTGGTAAGTAATGGA-3"
5'-GCGAAGGTCAGGAGCAGAA-3'
5'-TAGTCCACACAGCTAACCAGG-3"
5'-CATGCCTGGGATTTGCAGT-3'
5'-AGATTTCCACACACATAGATCGC-3'
5'-CTGCTGCATTTGGTTGTTCAG-3'
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EFs® (%)

Peak No. Rt® (min)
Topo |

1 13.88 -
2 14.92 0387
3 16.02 -
4 17.98 936
5 18.37 238
6 19.49 307
7 21.98 048
8 2264 3.89
9 24.59 -
10 25.88 4.41

“Rt, retention time.

“EFs, enrichment factors.

“Compared with the corresponding standards.
Ydentified based on the published literature.

Topo II

0.20
0.18
0.49
286
1.15
0.90
1.04
147
1.08
0.26

COX-2

1.49
4.40
1.39
114

161

5.25

ACE2

0.22
2.76
0.65
1.37
3.10
1.31

3.68

[M+H]"

465
449
415
543
397
543
287
415
395
381

Characteristic fragment
(m/z)

465, 303, 85
449, 287

313, 298, 282, 229
381, 363, 351, 333, 305

397, 313, 282, 229
381, 363, 351, 333, 305
287, 241, 213, 165, 153
397, 313, 282, 247, 229
395, 380, 351, 336, 320
381, 363, 351, 333, 305

Identification

Quercetin 3-O-glucoside®
Kaempferol 3-O-glucoside®
Podophyliotoxin isomer®
Cleistanthin B isomer®
B-Apopicropodophyliin®
Diphylin O-glucoside®
Kaempferof®

Podophylotoxin®
Chinensinaphthol methyl ether?
Diphylin®
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Forward sequence 5'-3'

TTGCTACAGGGTTTCATCCAG
GGGGCTACGAGTGGGATACT
GTTGCCTTCTTGGGACTGATG
CTTCTCATTCCCGCTCGTG
AGGCTGACAGACCCCAAAAG
AGATGGTGAAGGTCGGTGTG

Reverse sequence 5'-3'

TGTTGTTGTCCAGTTCATCG
GACGGTAGCGACGAGAGAAG
TATATACTGGTCTGTTGTGGGTGGT
CAGCTGCTCCTCTGCTTGGTGGTTT
CTCCACGGGCAAGACATAGG
CTGGAAGATGGTGATGGGTT
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Genes Sequence of primers Gen bank accession number  Annealing (C)  Product size (bp)

h1-calponin F: 5' TGGCCCAGA AATACGACCACS' NM 031747.1 60 144
R: 5’ CCGGCTGGAGCTTGTTGATA3"

SM a22-actin F: 6' TCTCCTTCCAGCCCACAAAC3' NM_031549.2 60 82
R: 6’ TTCACGGCTCATGCCATAGG3"

Smooth muscle myoxin, heavy chain 11 F: 5' TCCGGTGTTCTCCTGCTAGT 3' NM_001170600.1 60 134
R: 5’ GGGCCATTGGGCTGTTTATG 3'

SM a2-action F: 6 TATTCTGTCTGGATCGGCGG 3" NM_031004.2 60 196
R: 5' ACATTCACAGTTGTGTGCTAGAG 3'

TNF- a F: 5' AGTGACAAGCCTGTA GCCC 3' NM_013693.3 57 252
R: 5’ GAGGTTGACTTTCTCCTGGTAT 3'

IL-1p. F: 6’ CTGCTACATCA GCACCTCAC 3' NM_008361.4 55 124
R: 5" AGAAACAGTCCA GGCCATAC 3"

IL-6 F: 5' TGTATGAACAACGATGATGCACTT 3’ NM_001314054.1 60 197
R: 5’ ACTCTGGCTTTG TCTTTCTTGTTATCT3'

INOS F: 5' AACGGA GAAC GTTGGATTTG 3' NM_010927.3 54 151
R: 5'CAGCACAAGGGGTTTTCTTC3'

B-Actin F: 5' TTGCTGACA GGATGCA GAAGGAGA 3" NM_031144.3 60 159
R: 5’ ACTCCTGCTTGCTGATCCACATCT 3'
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Target gene

GAPDH
TGF-p1
a-SMA
IL-1p

Col 1at
Col 3at

Forward primer (5-3)

TGC ACC ACC AAC TGC TTA G

CTT CAA TAC GTC AGA CAT TCG GG
TCC CTG GAG AAG AGC TAC GAA CT
TGGACCTTCCAGGATGAGGACA

CCT GGC AAA GAC GGA CTC AAC
CTG TAA CAT GGA AAC TGG GGA AA

Reverse primer (5-3')

GGA TGC AGG GAT GAT GTT C

GTA ACG CCA GGA ATT GTT GCT A
AAG CGT TCG TTT CCA ATG GT
GTTCATCTCGGAGCCTGTAGTG

GCT GAA GTC ATA ACC GCC ACT G
CCA TAG CTG AAC TGA AAA CCA CC
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No. Compounds
1 Diphylin

2 Diphylin O-glucoside
3 Podophyliotoxin

4 Kaempferol 3-O-glucoside
5 Camptothecin®

6 5FU?

7 Etoposide®

8 Indomethacin'

9 MLN-4760°

10 Chioroquine”

“BE, binding energy.
®H-bona, hydrogen bond.
“Positive control.

“Positive control.
*Positive control.

'Positive control.

9Positive control.
"Positive control.

Drug targets

Topo |
cox-2
ACE2
cox-2
ACE2
Topo I
Topo |
Topo I
Topo |
Topo |
Topo Il
cox-2
ACE2
ACE2

BE? (kcal/mol)
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-4.43
-6.69
-9.45
-3.67
-5.28
-7.67
-3.70
-7.62
-9.18
-4.27
-8.18

ICs0 (M)

11.96
0.05
6.62
568.94
14.87
0.12
2,350.00
134.95
2.85
1,950.00
259
0.19
738.62
1.01

H-bond atoms®

Da13, De112, Asp533, Arg364
Aa527, Arg120, His90, and Tyr355

ASp350, Asp382

Arg120, Gly526, Ser530, Tyr3s5, Tyr385

Aa348, Arg514, Asn394, His378, G375, Pro346
Daf2, D9, Gin778

Arg364, Argass, Dg12, Thi718

D19, Arg503

Dat13, Do112, Giuds6, Lys425

Metd28, Tyr426

Da12, Gin778

Glus24

Glud75, Giud02, Thid71

His374, His378, Glu402

Al alanine: Asp, aspartic acid: Ao, argiine; Gh, glutamine: Glu, gkutamic acid: Gly, glycine; His, hstidine; Lys, lvsine: Met, methionine: Ser. sering: Thr. threcning: Ty, yrosine.
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Plants

Cuscuta chinensis Lam. [Convolvulaceae; Cuscutae semen]

Lycium barbarum L. [Solanaceae; Lycii cortex]

Schisancra chinensis (Turcz.) Baill. [Schisandraceae; Schisandrae chinensis fructus]
Cnidlium monnieri (L) Cusson [Apiaceae; Cnidii fructus]

Rosa laevigata Michx. [Rosaceae; Rosae laevigatae fructus]

Rubus chingii Hu [Rosaceae; Rubi fructus]

Alium tuberosum Rottler ex Spreng. [Amarylidaceae; Alli tuberosi semen]
Toosendan fructus [Meliaceae; Fuctus Toosendan]

Epimedium brevicornu Maxim. [ Berberidaceae; Epimedii folium]
Morindae officinalis radix [Rubiaceae; Radix Morindae Offcinalis]
Cistanche deserticola Ma [Orobanchaceae; Cistanches herba]
Rehmannia root [Orobanchaceae; Racix Rehmanniae Recens]

Cyathula officinalis K.C Kuan [Amaranthaceae; Cyathulae radix]

Panax ginseng C.AMey. [Araliaceae; Ginseng radix et rhizoma]

Cervus nippon Temminck [Cervidae; Genvi Gormu Pantotrichum]
Hippocampus Kelloggi [Syngnathidae; Hippocampus]

Amount
in application (ratio)

250
138
46
35
35
35
35
23

70
35
35
46

35
25
16
21
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Treatment Regimen

Control
Model
G1
HD-BZ
LD-BZ

Mice

Cs7BL6J
ApOE”
ApoE”
ApOE”
ApoE”

Diet

Normal
High-fat
High-fat
High-fat
High-fat

Dosage in mouse
(administration route)

0.5% CMC-Na (ig)
0.5% CMC-Na (ig)
0.2 pg/d G1 (s0)
28 gkg/d (ig)

1.4 gko/d (ig)

Treatment Days

12 weeks
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Peak RT (time) Relative Area Mean SD RSD%

Test 1 Test 2 Test 3 Test4 Test5
1 352 040 0.41 0.41 0.40 0.41 0.40 0.00 0.44
2 3.72 090 0.91 0.89 091 0.91 0.90 0.01 1.09
3 4.15 171 1.69 1.65 1.66 1.69 168 0.02 143
4 4.93 0.40 0.41 0.41 0.41 0.40 0.41 0.00 1.13
5 6.3 6.84 6.91 6.90 6.86 6.84 6.87 0.03 0.45
6 6.8 021 0.21 021 0.21 021 021 0.00 1.62
7 712 133 1.33 1.37 1.31 1.35 1.34 0.02 1.66
8 8.24 043 0.42 0.42 0.42 0.42 0.42 0.01 1.49
g 8.74 085 0.85 0.85 0.85 0.85 0.85 0.00 0.34
10 9.88 1.26 1.29 1.24 1.26 1.25 1.26 0.02 1.53
il 12,67 6.71 6.62 6.73 6.70 6.68 6.69 0.04 0.59
12 13.16 296 2.94 2.96 291 2.86 292 0.04 1.41
13 14.02 491 4.99 4.93 4.96 4.97 4.95 0.03 0.60
142 14.47 117 1.16 121 1.16 1.16 117 0.02 1.88
16 14.73 1.03 1.03 1.04 1.02 1.03 1.08 0.01 0.82
16 15.33 045 0.45 0.46 0.45 0.45 0.45 0.00 0.34
17 15.71 1.09 1.1 1.10 1.10 1.10 1.10 0.01 0.56
18 16.43 335 3.43 3356 3.36 3.30 3.36 0.05 1.44
19 16.82 0.42 0.43 0.43 0.43 0.42 0.42 0.00 0.73
20 17.85 2.74 2.76 266 268 272 2n 0.04 1.54
21 212 107 1.08 1.12 1.07 1.08 1.08 0.02 177
22° 27.92 175 174 175 172 178 1.75 0.02 1.16
23 28.52 6.50 6.54 6.59 6.43 6.50 6.51 0.06 0.94
24% 29.31 398 3.89 385 3.81 381 3.87 0.07 1.80
25 29.64 19.31 1873 18.96 19.40 19.31 19.14 029 1.50
26 34.71 0.16 0.17 0.16 0.16 0.16 0.16 0.00 1.89
27 36.07 169 1.77 172 1.70 1.70 172 0.03 1.89
28 35.71 132 1.36 1.36 1.34 1.34 1.35 0.02 115
29* 35.93 037 037 0.37 037 0.36 0.37 0.00 128
30 36.5 245 244 251 250 248 247 0.03 127
31* 37.09 315 319 325 3.21 3.19 320 0.03 1.07
32* 38.05 6.68 6.74 6.63 6.66 6.73 6.69 0.05 0.73
33 39.02 042 043 0.42 0.42 0.42 0.42 0.00 1.03
34 39.71 0.66 0.65 0.67 0.66 0.66 0.66 0.01 0.87
35 4017 205 2.09 211 205 204 207 0.03 1.36
36 41.49 353 3.58 3.49 3.59 3.54 355 0.04 1.10
3r* 43.31 255 2.59 258 251 261 257 0.04 1.43
38 44.75 067 0.65 0.66 0.67 0.66 0.66 0.01 1.54
39* 45.18 253 2,65 264 267 262 262 0.05 2.04

"Phytoestrogens 13. Isoquercitrin; 14. Hyperoside; 17. Verbascoside; 22. Epimedins A; 24. Icariin; 29, Baohuoside I; 31. Imperatorin; 32. Osthole; 36. Catalpol; 37. Deoxyschizanrin;
29 Schisandrin B.
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Plants

Cuscuta chinensis Lam. [Convolvulaceae; Cuscutae semen]
Lycium barbarum L. [Solanaceae; Lycil cortex]

Schisandra chinensis (Turcz) Baill. [Schisandraceae; Schisandrae chinensis fructus]
Cnidium monnier (L) Cusson [Apiaceae; Cridii fructus]

Rosa laevigata Michx. [Rosaceae; Rosae laevigatae fructus]

Rubus chingil Hu [Rosaceae; Rubi fructus]

Allium tuberosum Rottler ex Spreng. [Amarylidaceae; Alli tuberosi semen)]
Toosendan fructus [Meiaceae; Fuctus Toosendan]

Epimedium brevicormnu Maxim. [ Berberidaceae; Epimedi folium]

Morindae officinalis radix [Rublaceae; Radix Morindae Offcinalis]

Cistanche deserticola Ma [Orobanchaceae; Cistanches herba)

Rehmannia root [Orobanchaceae; Radix Rehmanniae Recens]

Cyathula officinalis K.C.Kuan [Amaranthaceae; Cyathulae radix]

Panax ginseng C.AMey. [Araliaceae; Ginseng radix et rhizoma]

Cervus nippon Temminck [Cervidae; Gervi Comu Pantotrichum]

Hiopocampus Kelloggi [Syngnathidae; Hippocampus)

Amount
in application (ratio)

250
138
46
35

35

35

35
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70

35

35
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Gene

-actin
(NM_007393.3)
TLR4
(NM_019178.2)
Occludin
(NM_031320.3)
Claudin-1
(NM_031699.3)

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5'-3')

TGTTACCAACTGGGACGACA
GGGGTGTTGAAGGTCTCAAA
GAGCCGGAAAGTTATTGTGG
AGCAAGGACTTCTCCACTTTCT
GAGGGTACACAGACCCCAGA
CAGGATTGCGCTGACTATGA
CCTCCAATGCCGTTCTGTAT
AGGGCCTTTGCTACAGATGA

PCR product (bp)

165

150

161

118
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12.

Name of the compound Molecular

formula

Hexadecanoic acid, methyl
Ester (palmitic acid methyl

ester)
Hexadecanoic acid (pamitic  CygHae02
acid)

9-Octadecencic ACD @  CigHaiO;
10-Octadecenoic acid, CigHacO,
methyl ester

Butyl 9,12,15- CaoHagO,
octadecatrienoate

9-Octadecenoic acid (oléic  CigHaiO,
acid)

9,12-Octadecadiencic acid  CygHaz0,

2.2) (inolenic acid)

cis-13-Octadecenoic acid
(inoleic acid)

9-Octadecenoic acid (2)-, CasHesOs
anhydride (oleic anhydride)

Linoleic acid ethyl ester (ethyl  CzoHseO2
linoleate)

Stigmast-5-en-3-ol CaoHsoO
Betulin CaoHsa02

Molecular
weights

270

256

256
296

334

282

280

282

546
308
414

442

Retention
time
(in min)

21.50

2261

22.82
24.13

24.73

25.14

25.42

26.01

28.98
29.21
35.65

40.49

Relative
percentage (%)

3.02

8.90

4.40
482

1.60

56.59

352

1.75

3.60
1.08
3.08

235

NIST
match
factor
Mikaia
etal.
(2014)

839

821

894
804

743

901

855

796

800
782
725

644

Activity

Anti-inflammatory action through inhibition of the
cyclooxygenase Il enzyme Hema et al. (2011).
Antioxidant, hypocholesterolemic, lubricant, and
antiandrogenic Duke (1992)

Anti-inflammatory through inhibition of
phospholipase A2 Aparna et al. (2012).
Antioxidant, hypocholesterolernic, Iubricant, and
antiandrogenic Duke (1992)

Antibacterial, antifungal, and antioxidant Asghar
and Choudahry (2011)

No activity reported

Anti-inflammatory actions through peroxisome
prolferator-activated receptor gamma (PPAR-y)
activation Song et al. (2019)

Anti-inflammatory, hypocholesterolemic,
antiandrogenic, antiistaminic, and anti-eczemic
Duke (1992)

Anti-inflammatory, antiandrogenic,
antileukotriene—D4, hypocholesterolemic, and
flavor Duke (1992)

Anti-inflammatory Song et al. (2019)

No actiity reported

Decrease endothelial leukocyte and platelet
adhesion Duke (1992), Kikuchi et al. (2015)
Anti-inflammatory and antitumor effect
Jonnalagadda et al. (2017), Kikuchi et al. (2015)
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MDA in skin (nm/mg protein)

SOD in skin (/mg protein)

GPX in skin (nmol/mg protein)

CAT in skin (/mg protein)

MDA in serum (nmol/mi)

SOD in serum (u/mi)

GPX in serum (u/mi)

CAT in serum (L)

Control

1.66 + 0.22

4111

58.93 + 5.2

116.7 £ 10.1

135+0.14

189+29

586+7.8

0.41 +0.09

cD

291 +068
P1<0.001

1.74 £ 067
P1<0.001

36.7+125
P1<0.001

889176
P1<0.001

173+ 05
P1=0.06

99zx21
P1<0.001

375+49
P1<0.001

0.27 +0.08
P1=0.001

CD + BETA

253 + 0.69

251 %12
P2 =0.08

41.83 +9.2
P2=0.12

97.4 + 183
P2=0.18

1.74 + 0.34
P2=098

895+ 26
P2 =047

35.16 £ 5.9
P2 =047

0.23 + 0.04
P2 =039

CD + PE cream

230 + 0.51
P2=001
P3 =034

265+ 1.02
P2 =0.04
P3=0.74

46.02 + 9.1
P2=001
P3=0.28

103.58 + 13.8

P2 =0.02
P3=0.32

1.64 + 0.41
P2 =0.65
P3 =063
910+ 1.8
P2 =033
P3 =0.80

3335+ 6.6
P2 =020
P3 =057

0.19 + 0.06
P2 =0.08
P3 =036

CD + PE cream and oral

1.79+0.38
P2 < 0001
P4 = 0.003
362 +1.35
P2<0.001
P4=003
52.8+92
P2 < 0001
P3 =0.09
1.4 £ 121
P2 = 0.001
P4 =021
1.30 £0.19
P2 =0.03 P4 = 0.09

139+ 36
P2 = 0.004
P4 < 0.001
479+ 69
P2 = 0.003
P4 < 0.001
0.37 +0.09
P2 =0.02
P4 < 0.001

One-way analysis of variance (Kvetnansky et al., 2003) was used to compare the studlied groups followed by post hoc test with the least significant difference. Results were presented in

the form of mean + standard deviation (SD). Significance was considered when p < 0.05,

P1, significance vs. the control,

P2, significance vs. the CD.

P3, significance vs. the CD + BETA.

P4, sionilicance ve. the CD + PE cream.
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No. ICs0 (uM)
NO production

1.49 + 0.31
>40
>40
>40

341085
>40

DEX* 6.68 + 0.58

o i

IDEX was used as the positive control.

No.

ICs0 (uM)
NO production

>40
>40
>40
>40
>40
>40
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No.

1 (in CDCly)
8 (J in Hz)

6.06 dt (9.8, 1.8)
6.89 dt (9.8, 4.3)
247m
4.97 ddd (15.0, 7.4, 0.8)
5.61dd (15.7, 6.8)
6.34d (15.7)

529d (9.8
259m
1.27 overlap
1.09 overlap
1.25 overlap
1.27 overlap
1.13 overlap
085d(7.1)
1.75d (0.8)
094d(6.7)
081d(65)

dc, type

164.1 C
121.6 CH
144.7 CH
30.1 CH,
78.6 CH
1222 CH
138.9 CH
1307 C
142.4 CH
30.3CH
44.7 CH,

322CH
30.0 CH,

11.3 CHg
12,5 CHy
21.4 CH,
19.1 CHa

No.

NI RO RN SN

2 (in methanol-d,)

8 (J in Hz)

149s
260s
3.78s

8¢, type

197.7C
107.7C
1983 C
164.4 C
1064 C
218 CH,
18.3 CHy
516 CHy

No.

3 (in CDCIy)
b (Jin Ha)

7.00 overiap
6.74 dd (8.8, 7.9)
7.02 overlap
353s
3.33brd(7.4)
5.301q (7.3, 2.8)
177s
177s
3.69s

¢, type

1835 C
127.0C
130.8 CH
126.0C
115.8 CH
128.2 CH
40.4 CH,
1726 C
29.8 CH,
121.6 CH
134.8 CH
17.9 CH,
25.8 CH;
52.0 CHy
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Position

Chemical shift (opm)

16a, 17a

C13,30.0-31.0
C15< 120
C16,21.0-21.6
C17<185

160, 178

C13, 20.0-29.3
C15< 120
C16, 20.2-20.5
C17,19.0-19.6

164,17

C13, 28.9-29.5
C15> 120
C16, 20.5-20.8
C17,19.0-19.6

164,178

C13, 30.0-30.5
C15> 120
C16, 21.0-21.6
C17, 18.9-19.2
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