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Autophagy and NLRP3 inflammasome were associated with the process of colitis. Drugs targeting NLRP3 inflammasome and autophagy to treat colitis are absent, and they are urgently required. Herein, we examine the effect of evodiamine, extracted from the fruit of Evodiae Fructus, on experimental colitis induced by dextran sulfate sodium and exposit whether evodiamine effects on autophagy and NLRP3 inflammasome. Our data indicated that colitis was ameliorated by evodiamine, including the improvement of mice body weight, colon length, histopathologic score, and the disease activity index. We also observed that evodiamine restrained the formation of the NLRP3 inflammasome by inhibiting the apoptosis-associated speck-like protein oligomerization and caspase-1 activity in THP-1 macrophages. Our results demonstrated evodiamine inhibit NLRP3 inflammasome activation via the induction of autophagosome-mediated degradation of inflammasome and the inhibition of NFκB pathway, which synergistically contribute to the effect of evodiamine in colitis. It indicates the potential use of evodiamine in inflammatory bowel diseases treatment.
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[image: Figure 1]FIGURE 7 | Graphical Abstract | Evodiamine ameliorates ulcer colitis through the activation of autophagy and the inhibition of NLRP3 inflammasome assembly. Under the condition of acute inflammation induced by DSS, NLRP3 inflammasome is activated, autophagy was blocked, thereby the clearance of pro-inflammatory is impaired. Evodiamine activates autophagy, leads to autophagosomal degradation of pro-inflammatory cytokine upstream of the NFκB signaling cascade. Moreover, the assembly of NLRP3 inflammasome was also suppressed by evodiamine due to the inhibition of ASC. As a result, the production of inflammatory cytokine such as IL-1β decreased and colitis was attenuated.
INTRODUCTION
Ulcerative colitis (UC), a risk factor of colon cancer (Rogler, 2012), mainly occurs at the colon site and spreads from rectum to proximal colon and even ileum, is a chronic inflammatory disease with a high recurrence risk (Wei et al., 2017). The main character of UC is the massive infiltration of neutrophils, monocytes and lymphocytes in the intestinal tract and production of pro-inflammatory cytokine (Baumgart and Sandborn, 2007; Salim and Soderholm, 2011). Inflammatory cells infiltration is mostly induced by the destroyed epithelial barrier (Zaki et al., 2011). It is also widely accepted that inappropriate mucosal immune system response contributes to the production of pro-inflammatory cytokine (Salim and Soderholm, 2011). During the inflammatory process, the damage was recognized by inflammatory cells via a series of damage sensing receptors (DSRs) (Ting et al., 2008), several components of the NOD-like receptor (NLR) family are regarded as vital regulators of secretion of cytokines (Jin and Flavell, 2010) since danger and pathogen-associated signals were rapidly responded by the inflammasome multiprotein complexes.
In several inflammatory diseases, the excessive activation of inflammasomes such as NLRP3 inflammasome is found (Chen H. et al., 2017). NLRP3, is one of NLR families and interacts with the adaptor protein, apoptosis-associated speck-like protein (ASC). NLRP3 inflammasome is a multiprotein complex which consists of NLRP3, ASC, and pro-caspase 1. NLRP3 inflammasome mediated the production of IL-1β and IL-18 via a classical two-step process (Wang et al., 2016). In the first step, priming mediated by NF-κB activation, induces the synthesis and accumulation of the precursor proteins, including pro-IL-1β, pro-IL-18, and NLRP3. After NLRP3 expression prime with the stimulation of LPS, caspase-1 cleavage was activated by a secondary signal ATP. Once NLRP3 inflammasome is activated, IL-1β and IL-18 will be produced followed by the activation of the cleaved-caspase-1 (Jin and Flavell, 2010). Xia et al. has reported that NLRP3−/− mice ameliorated the severity of dextran sulfate sodium (DSS)-induced colitis, compared with wild type mice (Xia et al., 2019). The pathogenic roles of NF-κB and NLRP3 in the progression of UC also imply that targeting both signaling pathways is a promising strategy for effective therapeutics for UC (Sun et al., 2015).
Potential damage and pathogenic stimuli in inflammatory responses were also fine controlled by autophagy (Deretic et al., 2013). Autophagy (macroautophagy) activation is a multistage process which are composed by the formation of a membrane phagophore, the elongation (double-membrane autophagosomal structures) and the maturation step (fusion with late endosomes and lysosomes) (Hamasaki and Yoshimori, 2010).
Autophagy and inflammasome are two different fundamental cellular responses. Autophagy maintains cellular homeostasis by degrading cytoplasmic contents, including compromised organelles and aggregated proteins, and damaged organelles (Ma et al., 2013; Ryter et al., 2013) in a potent lysosomal degradation pathway. Responding to dangerous stimuli, inflammasome activates caspase-1 to secrete inflammatory cytokine. Autophagy and inflammasome pathways are closely linked and mutually regulated (Nakahira et al., 2011; Shi et al., 2012). In macrophages, inflammasome and autophagy can be activated simultaneously by a variety of stimuli. Deretic et al. has found that specific inflammasome sensors can induce autophagy and meanwhile, inflammasome activation was negatively regulated by autophagy (Dupont et al., 2011; Shi et al., 2012). Autophagosomes can degrade inflammasome in the presence of p62, the selective autophagic receptor. To consider the mutual relationship between autophagy and inflammasomes is critical in the treatment of UC.
Corticosteroids, 5-aminosalicylic acid, immunomodulators, and other anti-inflammatory and immunosuppressive biological agents, are commonly used to alleviate UC in patients. Clinical studies demonstrated that repeated use of these agents led to serious side effects, including osteoporosis, hypertension, diabetes, and infections, etc. (Tursi et al., 2010). It is urgent to find a novel drug with few side effects for UC patients.
Evodiamine, a quinazoline alkaloidal, is extracted from the fruit of Evodiae Fructus (Evodia rutaecarpa Benth., Rutaceae) which is also named “Wu-Zhu-Yu.” Evodiamine is widely used in Traditional Chinese Medicine because it exhibits various effects such as antitumor growth, anti-anoxic, anti-metastatic, antinociceptive, and anti-inflammatory (Liu A. J. et al., 2013; Wang et al., 2015). Studies have demonstrated that evodiamine has a potential therapy for diarrhea, abdominal pain, and ulcer (Zhao et al., 2015). Zhang’s lab reported that evodiamine prevented dextran sulfate sodium-induced murine experimental colitis via the regulation of NF-κB and NLRP3 inflammasome (Shen et al., 2019). However, the link between inflammasome and autophagosome remains unclear. In this study, we addressed to reveal the effect of evodiamine on inflammasome and autophagy.
MATERIALS AND METHODS
Chemicals and Reagents
Evodiamine (>98% HPLC) was purchased from Chengdu Puruifa Biotechnology Co., Ltd. (Chengdu, China) (Shen et al., 2019). DSS (36–50 kDa) was obtained from MP Biomedicals (Aurora, OH). Phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), adenosine triphosphate (ATP), DSS (5 kDa), 5-aminosalicylic acid (5-ASA) and 4′,6-diamidino-2-phenylindole (DAPI) were bought from Sigma–Aldrich (St. Louis, MO, United States). ELISA kits for murine MPO, IL-1β and IL-18 were purchased from Multi Sciences Biotech Co., Ltd. (Hangzhou, China), ELISA kits for human IL-1β and IL-18 were obtained from Excell Biotech Co., Ltd. (Taicang, China). RPMI-1640 medium, fetal bovine serum (FBS) (Gibco, United States), anti-NLRP3, anti-Caspase1 and anti-IL-1β antibodies were purchased from ABclonal Technology (ABclonal, Boston, United States), anti-ASC, anti-cleaved caspase1 and anti-LC3 antibodies were bought from cell signaling technology (CST, Danvers, United States), anti-ASC (mouse) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States), anti-CD11b and anti-LAMP-1 antibodies were obtained from Abcam technology (Cambridge, United Kingdom), anti-GAPDH and anti-P62 antibodies were purchased from Proteintech group (Chicago, United States), HRP-conjugated secondary antibody, Alexa Fluor-488 conjugated goat anti-rabbit or anti-mouse IgG (H + L) secondary antibodies and Alexa Flour-594 conjugated goat anti-rabbit IgG (H + L) secondary antibody were bought from Invitrogen (Carlsbad, United States).
Cell Culture
Human THP-1 cells were grown in RPMI-1640 medium, supplemented with 10% (v/v) fetal bovine serum, 100 mg/ml streptomycin and 100 U/ml penicillin under a humidified environment with 5% CO2 at 37°C.
Animal Experiments
C57BL/6J mice (male, 6–8 weeks old, 18–22 g) were purchased from Model Animal Research Center of Nanjing University (Nanjing, China). All mice were housed in the experimental animal facility, water and food were available ad libitum. Mice were randomly assigned to control (vehicle; 0.5% sodium carboxymethylcellulose, CMC-Na), DSS-treated, evodiamine-treated (20, 40, and 60 mg/kg), evodiamine-only (60 mg/kg) and 5-ASA-treated (100 mg/kg, positive control) groups. Acute colitis was induced by 3% DSS (36–50 kDa) in drinking water for 7 days, then change treated water to normal water for another continuously 3 days before sacrifice (Okumura et al., 2016; Chen H. et al., 2017). Evodiamine and 5-ASA dissolved in the sodium solution of carboxymethyl cellulose (CMC-Na, 0.5%) and treated by oral gavage once a day from day 1 to day 10. All animal welfare and experiment procedures were carried out rigid according to guideline of European Directive 2010/63/EU and approved by the Nanjing University Animal Care and Use Committee (NJU-ACUC).
Disease Activity Index and Histological Analysis
The severity of colitis was evaluated by colon length, the DAI, histologic analyses, and MPO activity (Tasaka et al., 2015). Body weight, fecal blood loss and stool consistency were monitored daily. Briefly, the disease activity index (DAI) was calculated as the sum of three parameters as follows: body weight loss (0, ≤1%; 1, 1–5%; 2, 5–10%; 3, 10–15%; 4 ≥ 15%), diarrhea (0, normal; 2, loose stools; 4, watery diarrhea) and blood in the stool (0, no bleeding; 2, slight bleeding; 4, gross bleeding) (Song and Park, 2014), also shown in Table 1. After animals were sacrificed, part of the colon was dissected. To evaluate the degree of morphometric inflammation, the length between the ileocecal junction and the anal verge were measured. The distal part of colon was fixed in 4% paraformaldehyde, embedded in paraffin and sliced into 5 μm-thick sections. The sections were routinely stained with hematoxylin and eosin (H&E) (Hayashi et al., 2014). Formalin-fixed hematoxylin tissue sections were evaluated by an experienced pathologist microscopically in a blinded way. Severity of inflammation, crypt damage and ulceration were simultaneously evaluated (Wu et al., 2012).
TABLE 1 | Disease Activity Index assessment criteria for dextran sodium sulfate-induced colitis model.
[image: Table 1]Myeloperoxidase Analysis
Myeloperoxidase (MPO) level was determined by ELISA to evaluate neutrophil infiltration into inflamed colonic mucosa. Briefly, colon tissues were weighed and homogenized in cold phosphate buffer saline (PBS) for 5% colonic tissue homogenate (Mei et al., 2019). Supernatants were collected to determine MPO levels according to the manufacturer’s instructions after they were centrifuged at 12,000 g at 4°C for 15 min. The results were presented as absorbance per mg of tissue.
Cytokine Analysis by Enzyme-Linked Immunoassay
Colonic tissues of the mice were weighed and homogenized in cold PBS for 5% colonic tissue homogenate. To obtain the supernatants, homogenate was centrifuged at 12,000 g at 4°C for 15 min. Protein concentration in the supernatants was determined by BCA protein assay, and cytokines in the colonic tissue homogenate were analyzed by ELISA kits. For in vitro assay, THP-1 cells were seeded in 12-well plates and the supernatants were harvested after stimulation. IL-1β and IL-18 were detected using ELISA kits according to the manufacturer’s instructions.
Immunofluorescence Histochemistry
Paraffin-embedded colonic tissues were stained with CD11b antibody to analyze inflammatory cell infiltration. The sections were deparaffinized in xylene and rehydrated in a decreased alcohol gradient and washed with ddH2O. After unmasking antigens, colon sections were blocked with 5% BSA and incubated with anti-CD11b antibody (1:200) at 4°C overnight, and FITC labeled secondary antibody at room temperature for 1 h. Finally, sections were counterstained with DAPI. Images were acquired by an Olympus FV3000 confocal microscope.
Western Blot Analysis
The distal colon was removed, washed with ice-cold PBS, and homogenized in lysis buffer containing 1% Triton X-100, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA, 150 mM NaCl, protein inhibitor cocktail (1:100) and Phenylmethylsulfonyl fluoride (PMSF) by ultrasonic splitting on ice. After centrifugation at 12,000 g for 30 min at 4°C, the supernatants were collected and protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL), then were stored at −80°C till for use. The lysates were mixed with Laemmli sample buffer and heated at 95°C for 5 min. The samples were subjected to electrophoresis on 10% SDS-polyacrylamide gels and transferred electrophoretically to PVDF membranes (Millipore, Billerica, MA). The membranes were blocked with TBST (0.1% Tween 20 in Tris-buffered saline) containing 5% skimmed milk at room temperature for 2 h, incubated with the primary antibodies at a predetermined dilution at 4°C overnight. Subsequently, the membranes were washed three times with TBST, incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 2 h, and then the membranes were visualized with ECL detection reagent.
ASC Oligomerization Assay
THP-1 cells were seeded in 6-well plates and stimulated as indicated. Cells were harvested by scraping in 1 ml cold PBS containing 2 mM EDTA, and centrifuged at 1,500 g for 5 min at 4°C. Pellets were re-suspended the in 500 μl cold buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCL, 1.5°mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 320 mM sucrose) and cell were lyzed by shearing 30 times through 21-gauge needle. Subsequently, the lysates were centrifuged at 1,800 g at 4°C for 8 min to remove the bulk nuclei and unbroken cells (Okada et al., 2014). The supernatants were diluted in CHAPS buffer [20 mM HEPES-KOH (pH 7.5), 5 mM MgCl2, 0.5 mM EGTA, 0.1 mM PMSF, and 0.1% CHAPS] and centrifuged at 5,000 g for 8 min at 4°C to pellet ASC oligomers (Lorden et al., 2017). Then the pellets were resuspended in 50 μl CHAPS buffer with 2 mM disuccinimidyl suberate to cross-link at RT for 30 min and pelleted by centrifugation at 5,000 g for 8 min. The crosslinked pellets were collected for ASC oligomerization assay by immunoblotting (Chen L. et al., 2017).
Immunofluorescence Cytochemistry
The differentiated THP-1 cells were cultured on coverslips in 24-well plate and treated with LPS (100 ng/ml, 3 h), ATP (1 mM, 1 h) (Qin et al., 2016) and evodiamine (10 μM, 1 h). The cells were fixed in 4% paraformaldehyde for 30 min, washed for three times with PBS for 5 min, permeabilized with 0.2% Triton X-100 for 10 min, washed for three times, blocked with 5% BSA for 2 h (Wang et al., 2015). Cells were incubated with the primary anti-LC3 (1:150), anti-LAMP-1 (abcam, 1:100), anti-caspase1 (Proteintech, 1:150) or/and anti-ASC (CST, 1:200) overnight at 4°C. Washed for three times with PBST, cells were incubated with Alexa Flour 488 fluorescein-conjugated secondary antibody or the Alexa Flour 594 fluorescein-conjugated secondary antibody for 2 h (Thomas et al., 2010). The coverslips were counterstained with DAPI and images were taken by an Olympus FV3000 confocal microscope.
Statistical Analysis
Statistical significance for multiple comparisons was performed by one-way ANOVA and Newman-Keuls analysis using Prism 5.0 (GraphPad Software). A p value <0.05 was considered statistically significant. All data are indicated as means ± SEM and from at least three independent experiments.
RESULTS
Experimental Ulcerative Colitis Injury Was Attenuated by Evodiamine
The structure of evodiamine is presented in Figure 1A. Colitis is characterized by significant diarrhea, loose feces, and visible fecal blood, resulting in a remarkable decrement in body weight (Liu W. et al., 2013). To evaluate the preventive effect of evodiamine on ulcer colitis, we performed the experimental colitis by DSS as showed in Figure 1B. Body weight of colitis mice induced by DSS decreased. After mice were treated by evodiamine for 10 days, colons length recovered, and the loss of body weight was improved (show in Figures.1C–E). To evaluate whether there is a toxic effect of evodiamine at the maximum concentration of 60 mg/kg, we administrated evodiamine alone to mice without DSS stimulation. There is no visible difference in body weight changes and colon length between evodiamine (60 mg/kg) and control mice. It suggested that the maximum dose of evodiamine was safe enough for treatment in this study.
[image: Figure 1]FIGURE 1 | Evodiamine attenuated DSS-induced experimental ulcerative colitis injury in mice. Ulcerative colitis was induced by 3% DSS for 7 days and replaced by water for subsequent 3 days. Evodiamine and 5-ASA were administered once daily for 10 days by oral gavage, respectively. (A) Chemical structure of evodiamine. (B) A scheme of experimental design in vivo. (C) Macroscopic appearance of colon. (D) Body weight. (E) Colons length. Data are presented as mean ± SE (n = 6 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control, #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the DSS group.
To further confirm the anti-inflammatory effect of evodiamine on colitis, we observed pathological changes including mucosal damage, necrosis, the loss of tissue architecture, edema, and infiltration of inflammatory cells such as neutrophils and monocytes in colon tissues of mice by H&E staining and histological analysis. As shown in Figure 2A, pathological changes significantly improved by evodiamine dose-dependently (Figures 2A,B). DAI also deceased by evodiamine (Figure 2C). We continued to examine MPO levels, the important inflammatory index in colons of mice. MPO level in mice colon treated by evodiamine was much lower than that in the DSS group with the treatment of vehicle (Figure 2D). It suggested that attenuated ulcerative colitis injury by evodiamine resulted from the anti-inflammatory effect.
[image: Figure 2]FIGURE 2 | Evodiamine ameliorated colonic pathological damage in experimental ulcer colitis mice. (A) Paraffin-embedded colon sections were stained with H&E for assessment of epithelial damage. Original magnification 100×. (B) Histology score. (C) Disease activity index (DAI) scores were evaluated daily. (D) MPO level in colonic tissues. Data are presented as mean ± SE (n = 6 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control, #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the DSS group.
Over-Activation of NLRP3 Inflammasome in Ulcerative Colitis Was Inhibited by Evodiamine
It was reported that the occurrence of colitis is associated with the secretion of IL-1β and IL-18 (Zaki et al., 2010), our data also demonstrated that secretion of IL-1β and IL-18 increased in colitis mice colon. Levels of IL-1β and IL-18 in the serum with DSS stimulation were decreased by evodiamine (Figures 3A,B). To further confirm the anti-inflammatory effect of evodiamine, we examined macrophage infiltration in the colon sections using immunofluorescence. Macrophages indicated by CD11b were detected in the mucosa of colitis mice treated by vehicle, while little CD11b were observed in evodiamine-treated colonic mice samples. It demonstrated that macrophages infiltration was inhibited by evodiamine (Figure 3C).
[image: Figure 3]FIGURE 3 | Evodiamine suppressed inflammation and decreased activity of NLRP3 inflammasome in DSS-induced mice. (A,B) IL-1β and IL-18 in colonic tissues were determined by ELISA, respectively. (C) Sections of colon were immunostained with DAPI (blue) and anti CD11b-FITC (green). Scale bars, 100 μm. (D) Expressions of cleaved caspase1, pro-caspase1, ASC and NLRP3 in colon were determined by immunoblot. (E–H) Quantification of (D) data were shown as mean ± SEM. **p < 0.01 and ***p < 0.001 compared with control, #p < 0.05, ##p < 0.05, and ###p < 0.001 compared with DSS-induced group.
Inflammatory cytokine IL-1β and IL-18 were active after their inactive cytoplasmic precursor pro-IL-1β and pro-IL-18 were cleaved by caspase-1 (Liu W. et al., 2013). We continued to examine whether cleaved caspase-1 can be regulated by evodiamine. Cleaved-caspase-1 in colitis mice colon was markedly decreased by evodiamine, so was the ratio of cleaved caspase one to pro-caspase 1 (shown in Figures 3D–F), it suggested that caspase-1 activation in vivo was inhibited by evodiamine. It was consistent with the decrement of IL-1β and IL-18.
After Pro-caspase-1 bound to ASC, it was autoclaved and the mature active form cleaved caspase-1 produced (Liu W. et al., 2013). Our data indicated that ASC in the colon was decreased after the intervention of evodiamine, while there was no significant alteration in NLRP3 expression (shown in Figures 3D,G,H).
Decreased NLRP3 Inflammasome Activity Was due to the Inhibition of ASC Oligomerization and Inflammasome Assembly
NLRP3 inflammasome was combined by ASC, NLRP3 and caspase-1 when cells face environmental stress. Under the stimulation of LPS and ATP, inflammasome was assembled, then caspase-1 was activated. As a result, the secretion of IL-1β and IL-18 was increased. To confirm whether evodiamine effects on NLRP3 inflammasome, we examined levels of IL-1β and IL-18 in THP1 cells by Elisa. As shown in Figures 4A,B, IL-1β and IL-18 remarkably increased in THP1 cells with the stimulation of LPS and ATP; the increment was significantly inhibited by evodiamine dose-dependently. To address how evodiamine act on NLRP3 inflammasome, we firstly examined NLRP3 expression using immunoblot. There is no remarkable alteration in NLRP3 in THP1 cells (Figures 4C,G), the level of ASC was up-regulated in the stimulation of DSS (Figures 4C,F). The decrement of IL-1β and IL-18 suggested the suppression of NLRP3 inflammasome, we further determine ASC oligomerization, the vital step for NLRP3 inflammasome activation (Lu et al., 2014; Chen L. et al., 2017).
[image: Figure 4]FIGURE 4 | Evodiamine attenuated NLRP3 inflammasome activity in THP1 macrophages via inhibition of ASC oligomerization. Cells were stimulated with LPS (100 ng/ml) for 3 h and evodiamine for 1 h, then incubated with 5 mM ATP for 1 h. (A,B) Levels of IL-1β and IL-18 in THP1 cells were determined by ELISA. (C) Expressions of cleaved caspase1, pro-caspase1, ASC and NLRP3 in THP1 cells were determined by immunoblot. (D–G) Quantification of Figure 3C. (H) ASC oligomerization in THP1 cells were analyzed by immunoblot. (I) Immunofluorescence microscopy of THP1 stained with anti-ASC (green) and anti-caspase1 (red) antibodies. DAPI staining identified nuclei. Scale bar, 20 μm. The results are representative of at least three independent experiments and expressed as mean ± SD. *p < 0.05, **p < 0.05, and ***p < 0.001 compared with the control, #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with the LPS + ATP group.
As shown in Figure 4H, ASC oligomer was enhanced by ATP and LPS, and the increment was decreased by evodiamine. Bryan et al. reported that in response to ATP, ASC translocate from the nucleus, co-localizes with cytoplasmic caspase-1 (Bryan et al., 2009; Liu W. et al., 2013), then caspase-1 auto-cleaves and releases from the complex. Our immunoblot and immunofluorescence analysis showed that autocleavage of caspase-1 was inhibited by evodiamine (Figures 4C–E,I) so that colocalization of ASC and caspase-1 were interrupted, release of activated caspase-1 lessened. These data suggest that the assembly of NLRP3 inflammasome was inhibited by evodiamine via the suppression of ASC oligomerization.
Autophagy Plays a Critical Role in the Inhibition of NLRP3 Inflammasome Induced by Evodiamine
Autophagy and inflammasome interacts (Yuk and Jo, 2013; Kim et al., 2016). Pro-inflammatory cytokine upstream of the NFκB signaling cascade is in a state of inaction or reduced activity when autophagy activated. We examined the activity of p-p65NFκB and p-IκB which are critical protein in NFκB signaling cascade. As shown in Figure 5A, evodiamine decreased the phosphorylation of p65NFκB and IκB, it suggested that autophagy is likely activated. To further explore whether autophagy was able to be regulated by evodiamine, we investigated the degradation of p62 to confirm whether a complete autophagic flux occurred in evodiamine treatment condition. P62 protein in colon of colitis mice significantly decreased by evodiamine (shown in Figure 5B). Next, we examined the effect of evodiamine on p62 and LC3 at continuous time. Expression of p62 was suppressed by evodiamine time-dependently (shown in Figure 5C). At the same time, there is a slight increment in LC3-II expression induced by evodiamine. It suggested that autophagy in THP1 cells enhanced by evodiamine.
[image: Figure 5]FIGURE 5 | Evodiamine increased autophagic flux in colitis mice and differentiated THP1 cells. (A) Immunoblot analysis of p-P65, p-IκB expression in mice colon and quantification. (B) Immunoblot analysis of p62, LC3 expression in mice colon and quantification. (C) Expressions of p62 and LC3 in THP-1 cells stimulated with evodiamine (10 μM) at various time determined by immunoblot and quantification. (D) Representative confocal fluorescence microscopy images of THP-1 cells incubated with LPS and ATP in the presence or absence of evodiamine (10 μM) and immunostained for ASC (green) and LC3 (red). Nuclei were stained with the DAPI (blue). Scale bar, 10 μm. The data are representative of three independent experiments.
We also assessed LC3 expression in the cell lysates of mice colon using immunoblot analysis. LC3-I is cytosolic, while the hallmarks of autophagy, LC3-II is membrane- bound. We found that LC3-II protein levels increased in colitis mice colon after evodiamine treatment (Figure 5B). It implies that evodiamine increased autophagosome formation. We continue to address whether NLRP3 inflammasome and autophagy were simultaneously regulated by evodiamine. Co-localization of LC3 and ASC, which was able to be regarded as the intracellular sensor of NLRP3 was detected. As shown in Figure 5D, the overlap between ASC and LC3 were enhanced after the treatment of evodiamine. It suggested that the regulation of NLRP3 inflammasome induced by evodiamine might be via the intervention of autophagy.
Evodiamine Inhibited NLRP3 Inflammasome via the Activation of Autophagy
Increment in autophagosome formation or decrement in autophagosome degradation cause enhanced autophagosome accumulation. To study how evodiamine regulate autophagy, we observed levels of LC3-II and p62 in THP1 cells co-incubated with bafilomycin A1 (Baf A1), blocking the fusion of autophagolysosome to inhibit the degradation, and 3-methyladenine (3-MA), inhibiting the autophagosome formation (Figure 6A). The expression of LC3-II increased when THP1 cells were incubated with evodiamine in the presence of Baf A1 (shown in Figure 6B). There is no significant effect on the expression of LC3-II induced by evodiamine in the presence of 3-MA. These data suggested that autophagosome degradation was significantly inhibited and the formation of autophagosome is slightly influenced by evodiamine.
[image: Figure 6]FIGURE 6 | Evodiamine inhibited NLRP3 inflammasome via the activation of autophagy. (A) Sketch of autophagy flux. (B) Immunoblot analysis of p62 and LC3 in THP-1 cells which were incubated with evodiamine (10 μM) in the presence or absence of bafilomycin A (100 nM) or 3-MA (5 mM) and quantification. (C) Cleaved caspase one and pro-caspase one in THP-1 cells which were treated with bafilomycin A (100 nM), 3-MA (5 mM) alone or with Evo (10 μM) after stimulation with LPS (100 ng/ml) and ATP (5 mM) were determined by Immunoblot. (D) Confocal microscopy images of differentiated THP1 cells incubated with LPS and ATP with and without evodiamine, immunostained for ASC (green) and LAMP1 (red). Scale bars, 10 μm. The results are representative of at least three independent experiments and expressed as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control, #p < 0.05 compared with the LPS + ATP group.
We continued to investigate the effect of evodiamine on inflammasome activity after autophagy was regulated by Baf A1 and 3-MA. The expression of cleaved caspase1, the marker of inflammasome activation, was increased by LPS and ATP, the overexpression was suppressed by evodiamine. Cleaved caspase-1 could not be inhibited by evodiamine in the presence of autophagy inhibitors such as Baf A1 and 3-MA (Figure 6C). These data indicated that inflammasome activation was inhibited by evodiamine in an autophagy-dependent manner. Once autophagosome mature, the lysosomal and autophagosome fuse to form autophagolysosome, result in the degradation of autophagosome (Ganley et al., 2011). To confirm the autophagolysosome formation, we further detected the co-localization of ASC and LAMP-1. Shown in Figure 6D, in cells incubated with evodiamine, immunostaining indicated that ASC surrounded by LAMP-1 which is the lysosome marker, suggesting that autophagosomes fused with inflammasome components and lysosomal. These data demonstrated that the formation of autophagolysosome was enhanced and degradation was inhibited by evodiamine.
DISCUSSION
The ulcer colitis (UC) rises quickly these years, novel high-efficiency therapeutic agents for UC with few side effects are expected (Galli et al., 2011). In this study, we confirmed that evodiamine significantly attenuated experimental UC injury induced by DSS through the inhibition of NLRP3 inflammasome activation and inflammatory cytokine production. We showed that evodiamine inhibited the assembly of NLRP3 inflammasome for the first time. Furthermore, we found that evodiamine inhibited the degradation of autophagosome and the assembly of NLRP3 inflammasome is possibly dependent on autophagy. The link between autophagy and NLRP3 inflammasome intervened by evodiamine was firstly reported.
To confirm the effect of evodiamine on UC and exposit the molecular mechanism, we used the chemically induced experimental ulcer colitis model. DSS polymers were fed mice in the drinking water at the concentration of 3% (w/v) for 7 days. Bloody diarrhea, ulcerations, weight loss, and infiltrations with granulocytes which are mimic some clinical symptoms of inflammatory bowel diseases (Ge et al., 2016) appeared. Our data indicated that the experimental UC was successful with little mortality rates, and evodiamine attenuated colitis injury. Shen also found that evodiamine is able to ameliorate UC (Shen et al., 2019).
In patients with inflammatory bowel disease, a large population of inflammatory cells infiltrated in the mucosa, excessive inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-18, IL-6, IL-1β were secreted (Wang et al., 2016; Bank et al., 2019). Especially, IL-1β and IL-18 are essential in the early phase of the inflammatory cascade (Liu et al., 2016); high levels of IL-1β revealed the severity of inflammation. To confirm the effect of evodiamine on UC, we detected the two critical inflammatory cytokines IL-1β and IL-18 in mice colon and THP1 cells stimulated by evodiamine. The two cytokines are both decreased by evodiamine in tissue and cells. IL-1β can be produced in NLRP3 inflammasome-dependent way or inflammasome-independent way (Davis et al., 2011; Netea et al., 2015). Shen et al. also showed that activity of NLRP3 inflammasome was inhibited by evodiamine in mice colonic tissues (Shen et al., 2019). Whereas Li et al. reported that evodiamine promoted NLRP3 inflammasome activation in J774A.1 and bone marrow-derived macrophages (BMDMs) (Li et al., 2019). Our data demonstrated that there was no significant alteration in NLRP3 expression. NLRP3 inflammasome was assembled by NLRP3, ASC and pro-caspase 1, we continued to examine the effect of evodiamine on inflammasome assembly.
NLRP3 are unable to assemble inflammasome complexes in the absence of ASC which is an essential adapter molecule linking NLRP3 to IL-1β for most inflammasome sensors (Monie, 2017). For NLRP3 inflammasome assembly, ASC might be ubiquitinated, it also forms another caspase-1-activating platform, called the ASC speck or pyroptosome (Fernandes-Alnemri et al., 2007; Guo et al., 2015). The ASC speck is an oligomer of ASC dimers. We determine ASC speck to evaluate the effect of evodiamine on the assembly of NLRP3. Our data demonstrated that ASC protein expression was diminished in mice colonic tissues and THP1 macrophage by evodiamine. Furthermore, the critical step of NLRP3 inflammasome activation (Chen L. et al., 2017), ASC oligomerization was decreased by evodiamine. Decreased colocalization of ASC and caspase1 indicated that NLRP3 inflammasome assembly was inhibited by evodiamine. We firstly reported that ASC oligomerization was able to be inhibited by evodiamine.
Owing to the critical role of NFκB in the progression of UC, we detected the effect of evodiamine on the activation of NFκB. In line with Shen’s work, we also found that evodiamine prevented the activity of key protein include p65 and IκB in NFκB pathway in UC mice.
Xu’s lab reported that NLRP3 inflammasome is mediated by mitophagy in colitis-associated cancer. To intervene autophagy and inflammasome at early stage is possible to prevent the cancer process (Guo et al., 2014). Currently, there is no clinical medicine effect on autophagy and NLRP3 inflammasome for the treatment of UC. Since evodiamine ameliorated colitis injury and inhibited NLRP3 inflammasome, inflammasome and autophagy interacts, we want to know whether evodiamine also act on autophagy. Then we examined p62, an LC3-binding adaptor protein, binds ubiquitinated substrates and transfers substrates to the autophagosome serving as a molecular bridge (Seibenhener et al., 2004). Accumulation of p62 in the cytoplasm indicated that autophagy was impaired and autophagic activity was reduced (Klionsky et al., 2016). We observed that p62 was upregulated in UC mice induced by DSS. It is consistent with Mimouna’s work that defective autophagic flux with elevated p62 in IBD patients (Mimouna et al., 2014).The decrement of P62 in evodiamine group suggested that autophagy is activated. Autophagy are related the conversion of LC3-I to LC3-II, especially, the amount of membrane-bound LC3-II provides a good index of autophagy induction (Kaminskyy et al., 2011; Klionsky et al., 2016). We continued to observe the effect of evodiamine on LC3-I and LC3-II. LC3-I protein conjugates to phosphatidylethanolamine and converted to LC3-II, which is translocated to the membrane of autophago- and autolysosomes. Our data demonstrated LC3-I and LC3-II were enhanced with the stimulation of DSS. In the early stage of ulcer colitis, the activation of autophagy attenuates the damage. We observed the levels of LC3-I and LC3-II were enhanced by evodiamine in Figure 5B. Thus, it indicated that autophagy intervened in the treatment of evodiamine for colitis.
There was no research on the effect of evodiamine on the link of NLRP3 inflammasome and autophagy. NLRP3 inflammasome is composed of NLRP3, ASC and caspase1. Shi et al. showed that ASC was polyubiquitinated with K63-linked chains and interacted with p62 upon inflammasome activation, suggesting that ASC can be targeted to autophagosomes (Shi et al., 2012). ASC is entirely enclosed by LC3 right structures in autophagy. James lab’s work also indicated that active inflammasomes can targeted to the autophagosome. Our data showed that evodiamine increased the colocalization of ASC and LC3 (Figure 5D). It suggested that evodiamine improved autophagy. Our confocal imaging further demonstrated that direct co-localization of ASC with LAMP1. Eventually, inflammasomes are delivered to lysosomes to destruct (Harris et al., 2017).
Our data indicate that evodiamine activates autophagy, leads to autophagosomal degradation of pro-inflammatory cytokine upstream of the NFκB signaling cascade. We found that evodiamine dramatically inhibited phosphorylated IκB and phosphorylated p65 in the colonic tissues of DSS-induced colitis mice. These results showed that evodiamine attenuated colitis via the induction of autophagosome-mediated degradation of inflammasome and the inhibition of NFκB pathway, which synergistically contribute to the effect of evodiamine in colitis. Yu et al. reviewed that evodiamine can act on multi-target including NO, COX-2 and so on in the inflammatory process (Yu et al., 2013). Herein, we did not determine other molecular targets and we cannot answer whether evodiamine can bind multi-target proteins involved in the inflammatory process or autophagy.
In summary, we showed that evodiamine ameliorated UC injury via the inhibition of NLRP3 inflammasome (Graphic Abstract). We firstly revealed that the suppression of NLRP3 activity induced by evodiamine was due to synergistically the induction of autophagosome-mediated degradation of inflammasome and the inhibition of NFκB pathway. Our data further demonstrated that evodiamine might act as a novel and potential drug for the therapy of acute colitis based on the effecting on autophagy and NLRP3 inflammasome. We expected that our study will offer directions toward colitis therapeutics.
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