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Radiation-induced enteropathy (RIE) is one of the most common and fatal complications of abdominal radiotherapy, with no effective interventions available. Pyroptosis, a form of proinflammatory regulated cell death, was recently found to play a vital role in radiation-induced inflammation and may represent a novel therapeutic target for RIE. To investigate this, we found that micheliolide (MCL) exerted anti-radiation effects in vitro. Therefore, we investigated both the therapeutic effects of MCL in RIE and the possible mechanisms by which it may be therapeutic. We developed a mouse model of RIE by exposing C57BL/6J mice to abdominal irradiation. MCL treatment significantly ameliorated radiation-induced intestinal tissue damage, inflammatory cell infiltration, and proinflammatory cytokine release. In agreement with these observations, the beneficial effects of MCL treatment in RIE were abolished in Becn1+/− mice. Furthermore, super-resolution microscopy revealed a close association between NLR pyrin domain three and lysosome-associated membrane protein/light chain 3-positive vesicles following MCL treatment, suggesting that MCL facilitates phagocytosis of the NLR pyrin domain three inflammasome. In summary, MCL-mediated induction of autophagy can ameliorate RIE by NLR pyrin domain three inflammasome degradation and identify MCL as a novel therapy for RIE.
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INTRODUCTION
Radiotherapy is an important treatment strategy for several malignancies including lung cancer, prostate cancer, and renal cell carcinoma. However, despite significant improvements in radiotherapy delivery methods, incidence of irradiation induced bowel disease is a huge challenge for clinical, exposure to radiation causes lesions, which can result in several complications such as hematopoietic and gastrointestinal dysfunction and death (Seong, 2009; Hazell et al., 2020; Miccio et al., 2020; Sipaviciute et al., 2020; Molitoris et al., 2021). The small intestine is a highly radiosensitive organ, and radiation-induced enteropathy (RIE) tends to emerge quickly after radiation exposure. To date, RIE remains the most common and severe complication of the treatment of abdominal malignancies (Nussbaum et al., 1993; Lu et al., 2019). The well-known symptoms of RIE, including gastrointestinal hemorrhage, endotoxemia, bacterial infection, anorexia, nausea, vomiting, diarrhea, and loss of electrolytes and fluid, limit the therapeutic potential of radiotherapy in patients with abdominal malignancies and prevent further use of fractionated radiotherapy (Shadad et al., 2013; Hauer-Jensen et al., 2014). Patients with RIE appear nausea and vomiting, abdominal pain and diarrhea, tenesmus and other clinical symptoms, significantly reduce the life quality of patients, even cause serious complications such as colon stenosis, intestinal fibrosis and aggravate patients, greatly restricts the implementation of radiotherapy for patients with malignant tumors (Takemura et al., 2018; Akahane et al., 2020). Currently, the pathogenesis of RIE remains unclear, and there are no effective clinical interventions. Therefore, it is increasingly necessary to develop novel radioprotective agents with fewer adverse effects to protect patients from RIE.
The nucleotide-binding domain, leucine-rich repeat-containing receptor contains the NLR pyrin domain 3 (NLRP3) inflammasome, which is a cytosolic sensor of pathogens and endogenous damage-associated molecular patterns (Jiang et al., 2020; Seoane et al., 2020). Upon activation, NLRP3 facilitates the assembly of the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and the cysteine protease caspase-1 (Wang and Hauenstein, 2020). The formation of this complex cleaves the precursor of caspase-1 (pro-casp1) to its active form, caspase-1 (casp1-p20), and induces the cleavage of gasdermin D (GSDMD). This cascade results in pore formation on the plasma membrane and mediates a process known as pyroptosis (He et al., 2015; Ives et al., 2015). Pyroptosis is an inflammatory programmed cell death event that is distinct from apoptosis (Tang et al., 2020; Yu et al., 2021). Cells that undergo pyroptosis swell, release cytosolic contents, and release damage-associated molecular pattern molecules such as adenosine triphosphate, DNA, and the proinflammatory cytokines interleukin (IL)-18 and IL-1β into the extracellular milieu, thus initiating an inflammatory cascade in the affected tissue (Shi et al., 2017). Accumulating evidence suggests that NLRP3 inflammasome-mediated pyroptosis participates in radiation-induced damage and thus could be a novel therapeutic target for the treatment of RIE (Wei et al., 2019).
Autophagy is an intracellular self-digestive process that can deliver damaged organelles or proteins from the cytoplasm to lysosomes for degradation in order to maintain cellular homeostasis in response to external stimuli (Eskelinen, 2019; Haq et al., 2019; Pohl and Dikic, 2019). Numerous environmental stimuli, such as starvation or organelle damage, can induce autophagy (Haq et al., 2019). There is a growing appreciation that autophagy negatively regulates the activation of the NLRP3 inflammasome, thereby inhibiting inflammatory responses and reducing inflammatory injury of tissues in a disease state (Mehto et al., 2019; Fu et al., 2020; Peng et al., 2021). For example, it has been demonstrated that autophagy induced by the Axl receptor tyrosine kinase alleviates acute liver injury via inhibition of the NLRP3 inflammasome in mice (Han et al., 2016). Furthermore, administration of hydrogen-rich saline alleviated hyperpathia and microglial activation via autophagy-mediated inhibition of the NLRP3 inflammasome in a rat model of neuropathic pain (Chen et al., 2019). Collectively, these reports suggest that the modulation of autophagy in inflammatory conditions may be a novel strategy against RIE.
Radiation protective drugs for the prevention or treatment of RIE can significantly improve the life quality of patients (Wu et al., 2018). 441 compounds in Pyroptosis Compound Library (Selleck) was used in order to screening radiation protective drugs. Of which, Micheliolide (MCL) presents the strongest protective effect. MCL, isolated from the Michelia compressa and Michelia champaca plants, is a natural guaianolide sesquiterpene lactone derivative of parthenolide, and has shown promising anti-inflammatory, immunomodulatory, and therapeutic efficacy against multiple forms of cancer (Qin et al., 2016; Jiang et al., 2017; Sun et al., 2017). A previous study showed that MCL blocks doxorubicin-induced cardiotoxicity by ameliorating inflammation and necrosis through the repression of the PI3K/Akt/NF-kB signaling pathway (Kalantary-Charvadeh et al., 2019). Moreover, it was recently reported that MCL induces upregulation of peroxisome proliferator-activated receptor-γ expression, thereby alleviating NF-κB-mediated inflammation and activating autophagy in liver steatosis (Zhong et al., 2018). Based on these promising findings and the critical role that inflammation plays in RIE progression, we postulated that MCL may also play a promising role in the treatment of RIE. In the present study, we investigated the therapeutic effects of MCL in RIE, and evaluated the possible mechanisms by which it may be therapeutic.
MATERIALS AND METHODS
Reagents
Pyroptosis Compound Library (L7400) were purchased from Selleck (Houston, TX, United States). Primary antibodies against NLRP3 (ab4207), GSDMD N-terminus (GSDMD-N; ab215203), caspase-1 (ab179515), LAMP-1 (ab208943), ASC (ab127537), P62 (ab109012), and beclin 1 (ab207612) were obtained from Abcam (Cambridge, MA, United States). The anti-light chain 3 (LC3) primary antibody (FNab04716) was obtained from Abcam Fine Test (Beijing, China). The horseradish peroxidase-conjugated secondary antibody (SA00001-1) and anti-glyceraldehyde-3-phosphate dehydrogenase antibody (60004-1-1g) were purchased from Proteintech (Wuhan, China). The following immunoglobulinG (H + L) antibodies were purchased from Beyotime Biotechnology (Shanghai, China): Cy3-labeled goat anti-rabbit (A0516), Cy3-labeled goat anti-mouse (A0521), Alexa Fluor 488-labeled goat anti-rabbit (A0423), and Alexa Fluor 488-labeled goat anti-mouse (A0428).
Cell Culture and Radiation Treatment
The human intestinal epithelial cell (HIEC) line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Hyclone, Hudson, NH, United States) containing 10% fetal bovine serum and 1% penicillin-streptomycin in an incubator at 37°C, containing 5% carbon dioxide (CO2). Cells were treated with the desired dose (0, 5, 10, or 20 Gy) of X-ray irradiation at a rate of 2 Gy/min. Cell viability and lactate dehydrogenase (LDH) release assays were performed after irradiation for 24 or 48 h. In some experiments, HIECs were pretreated with different concentrations (0, 2.5, 5, or 10 μM) of MCL (Houston, TX, United States; s9309) for 2 h, and exposed to 10 Gy radiation. After 48 h, cell viability, LDH release, flow cytometry assays, and propidium iodide (PI) staining assays were performed.
Cell Viability Analysis of an FDA-Approved Compound Library
A high throughput pyroptosis drug library was purchased from Selleck Chemicals (Houston, TX, United States). Compounds were stored as 10 mM stock solutions in dimethyl sulfoxide at 4 °C until use. HIECs in the logarithmic growth phase were plated in a 96-well plate at a density of 5 × 103 cells per well and incubated overnight in a cell incubator at 37°C and 5% CO2. Cells were treated with 10 μM of a compound for 2 h and then exposed to 10 Gy radiation. After 48 h, cell viability was measured using the cell counting kit-8 (Shanghai, China). Candidate drugs were selected based on the average cell viability in the replicate wells.
LDH Release Assay
HIECs in the logarithmic growth phase were inoculated in a 96-well plate at a density of 5 × 103 cells per well and incubated overnight in a cell incubator at 37°C and 5% CO2. After receiving the corresponding treatment, LDH release assay was checked according to the operation steps of the LDH Cytotoxicity Assay Kit (Shanghai, China) instructions.
Flow Cytometry
HIEC viability was measured by flow cytometry using an Annexin V-FITC/PI apoptosis detection kit (KeyGEN, Jiangsu, China; KGA1015-1018), as previously described (Li et al., 2020).
PI Staining
HIECs were pretreated with different concentrations (0, 2.5, 5, or 10 μM) of MCL for 2 h and exposed to 10 Gy radiation. After 48 h, a PI solution (Shanghai, China) was added to the medium and further incubated for 30 min at 37°C in the dark.
Animals and Irradiation
Wild-type (WT), Nlrp3−/−, and Becn1+/− mice on a C57BL/6J background were purchased from Beijing Weishanglide Biotechnology Co., Ltd. All mice were housed under the following conditions: 12-h light/dark cycle (lights on: 7:00, lights off: 19:00), temperature of 22 ± 2°C, humidity of 50 ± 10%, and standard diet and water. The WT mice were divided into the following groups (n = 15 per group): control, irradiation (IR), MCL (50 mg/kg), and MCL (10, 20, and 50 mg/kg)+IR. All Nlrp3−/− and Becn1+/− mice received IR either with or without MCL (50 mg/kg; n = 15 per group). An X-RAD 160-225 instrument (Precision X ray Inc, Branford, CT, United States; filter: 2 mm, AI; 42 cm, 225 kv/s, 12.4 mA, and 2.0 Gy/min) was used for abdominal irradiation. Except for the control and MCL groups, all other groups were exposed to 10 Gy radiation.
MCL Treatment
For drug-treated groups, MCL was injected intraperitoneally (10, 20, and 50 mg/kg) 2 h before IR, and again daily for 5 days following IR. Mice were weighed every other day, and survival was recorded for 14 days. On day 8, the mice were sacrificed, and their serum was collected. The mice were then carefully and quickly dissected on ice trays, and their small intestines were removed to be used for subsequent analyses.
Enzyme-Linked Immunosorbent Assay of Inflammatory Cytokines
Cell culture supernatant and mouse serum were collected, and the levels of IL-1β, IL-18, TNF-α, TGF-β1 and IFN-γ were detected using Enzyme-linked Immunosorbent assay kits (Shanghai, China) according to the kit instructions.
Caspase-1 Activity Assay
Caspase-1 activity in mouse intestinal tissue was detected using the caspase-1 activity assay kit (Shanghai, China).
Western Blotting
Protein samples were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels, transferred to nitrocellulose membranes, blocked for 1 h at room temperature using Tris-buffered saline containing 0.1% Tween 20 and 5% fat-free milk, and probed with primary antibodies for 18 h at 4°C. Membranes were then stained at 37°C for 1 h with secondary antibodies conjugated with horseradish peroxidase, and immunoreactive signals were detected by enhanced chemiluminescence (SuperSignal; Pierce, Rockford, IL, United States). Protein signals were detected using the Chemi Doc XRS instrument plus Image Lab Software.
Co-Immunoprecipitation Assays
The intestinal tissue lysates were incubated with primary antibody and shaken slowly overnight at 4°C. The next day, protein A + G agarose was added and shaken slowly at 4°C for 3 h. The samples were centrifuged, and the supernatant was aspirated. The pellet was washed five times with phosphate-buffered saline (PBS) containing 1× phenylmethyl-sulfonyl fluoride protease inhibitors. The supernatant was aspirated, and the pellet was resuspended in 1×SDS-PAGE electrophoresis loading buffer and incubated in a boiling water bath for 5 min. Samples were then used for SDS-PAGE electrophoresis.
Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry (IHC)
The small intestine tissue was fixed in 4% paraformaldehyde and embedded in paraffin after dehydration. Sections 4–6 μm thick were used for H&E staining or IHC. The sections were stained according to the instructions for the H&E staining kit (Beijing, China).
IHC was performed using an SPlink Detection Kit (ZSGB-BIO Technology Co., Ltd, Beijing, China). In short, the sections were deparaffinized and rehydrated, followed by antigen retrieval. Hydrogen peroxide was added to block the activity of endogenous peroxidase, and 5% goat serum was added dropwise for blocking. Sections were incubated in the primary antibody overnight at 4°C. The sections were the incubated at room temperature in peroxidase-labeled universal secondary antibody. Sections were then developed and counter-stained, and five high-powered field of view (10 × 40) images were randomly taken for each sample.
Immunofluorescence (IF)
Sections were prepared as described above, and were then deparaffinized and rehydrated. Sections were blocked with 5% goat serum for 30 min at room temperature; thereafter, they were incubated overnight with the NLRP3 (1:100) and ASC (1:100) primary antibodies at 4°C. The next day, after washing with PBS, the sections were incubated in fluorescence-labeled secondary antibody solution for 2 h at 37°C, and washed again in PBS before staining with 4′,6-dimidyl-2-phenylindole for 5 min. Finally, slices were washed with PBS three times (5 min each time) and treated with anti-fluorescence quenching and sealing tablets. An Olympus inverted fluorescence microscope was used to capture fluorescence images over time.
Confocal Microscopy
HIECs were seeded on sterile coverslips in a 24-well plate. MCL (50 pg/ml) was added to the wells for 2 h, followed by 10 Gy radiation treatment. IF staining was performed 48 h later, followed by 4’,6-dimidyl-2-phenylindole counterstaining. A confocal laser scanning microscope was used to collect the images.
Cell Transfections
For NLRP3 silencing, HIEC cells were transfected with NLRP3 small interfering RNA (5′-AGA​AAT​GGA​TTG​AAG​TGA​AA-3′; RIBOBIO, Guangzhou, China), following the manufacturer’s instructions. The Opti-MEM (Gibco, Grand Island, NY, United States) transfection medium was replaced with a complete culture medium 5 h after transfection. All experiments were performed 48 h after transfection. The expression of NLRP3 was measured by real-time quantitative polymerase chain reaction (PCR).
Real Time Fluorescent Quantitative PCR
Total RNA was extracted using an RNAprep FastPure kit (TSP413, TSINGKE, Shanghai, China), according to the manufacturer’s instructions. Total RNA was then reverse-transcribed using an RT6 cDNA synthesis kit (TSK302M, TSINGKE, Shanghai, China) to synthesize complementary DNA. Real-time fluorescent quantitative PCR was performed using a CFX96 Real-time System (Bio-Rad) with SYBR Green I (TSE202, TSINGKE, Shanghai, China). The 2-ΔΔCT method was used to calculate relative expression levels. The primer sense and antisense sequences were as follows: β-actin: 5′-CCTGGCACCCAGCACAAT-3′(sense); 5′-GGG​CCG​GAC​TCG​TCA​TAC-3′ (anti-sense). β-actin was used as an internal control for quantification. For NLRP3: F, 5′-GAGCTGGACCTCAGTGACAATGC-3′(sense); R, 5′-ACC​AAT​GCG​AGA​TCC​TGA​CAA​CAC-3′ (antisense).
Statistical Analysis
All experiments were repeated independently at least three times. All animals were randomly assigned to experimental groups. Survival was analyzed using a log-rank test. Statistical significance among groups was determined using one-way analysis of variance or paired t-tests. Statistical significance was set at p < 0.05. Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, Inc, La Jolla, CA, United States).
RESULTS
MCL Protects Against Ionizing Radiation in HIECs
To identify compounds with radioprotective effects, we first established a radiation-induced cell damage model in HIECs. We observed that cell viability was significantly decreased in a dose-dependent manner following treatment with radiation for 24, 48, or 72 h (Figure 1A, and lactate dehydrogenase (LDH) release increased in a time-and dose-dependent manner (Figure 1B). From these data, we chose a radiation dose of 10 Gy and a time point of 48 h for all subsequent experiments.
[image: Figure 1]FIGURE 1 | MCL protects against radiation in HIECs (A) Cell viability was significantly decreased in a dose-dependent manner following treatment with radiation (0, 5, 10, or 20 Gy) for 24, 48, or 72 h (B) LDH release increased in a time-and dose-dependent manner following radiation (0, 5, 10, or 20 Gy) (C) Cells were treated with 10 μM of the drug candidate library for 2 h and then exposed to radiation (10 Gy). Cell viability of HIECs exposed to the drug candidate library. Each point represents the percentage of cell viability of the compounds at a concentration of 10 μM (D) MCL increased cell viability following radiation (10 Gy) in a dose-dependent (0, 2.5, 5, or 10 μM) manner (E) MCL decreased LDH release following radiation (10 Gy) in a dose-dependent (0, 2.5, 5, or 10 μM) manner (F) MCL decreased cell culture supernatant IL-18 release following radiation (10 Gy) in a dose-dependent (0, 2.5, 5, or 10 μM) manner (G) MCL decreased cell culture supernatant IL-1β release following radiation (10 Gy) in a dose-dependent (0, 2.5, 5, or 10 μM) manner (H) HIECs were pretreated with different concentrations (0, 2.5, 5, or 10 μM) of MCL for 2 h and exposed to 10 Gy radiation. Representative flow cytometry scatter plots (I) HIECs were pretreated with different concentrations (0, 2.5, 5, or 10 μM) of MCL for 2 h and exposed to 10 Gy radiation. Representative propidium iodide staining fluorescence image. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. HIEC, human intestinal epithelial cell; LDH, lactate dehydrogenase; MCL, micheliolide; IL, interleukin.
Next, we used the radiation-induced cell damage model to screen the compounds in the pyroptosis drug library. Among the 441 tested compounds, MCL elicited the strongest reversal of the reduced cell viability observed following radiation exposure (Figure 1C). Therefore, MCL was used in the subsequent experiments.
To further analyze the radioprotective effects of MCL, we pretreated HIECs with different concentrations of MCL prior to radiation exposure. Our results showed that cell viability with MCL exposure increased and LDH release decreased in a dose-dependent manner (Figure 1D,E). Furthermore, secretion of the inflammatory factors IL-18 and IL-1β decreased in a dose-dependent manner (Figure 1F,G). Moreover, the flow cytometry and PI staining indicate that 10 μM MCL is the most effective dose for promoting cell survival (Figure 1H,I). Altogether, these results indicate a protective role of MCL against radiation-induced cell damage.
MCL Attenuates Radiation-Induced Intestinal Toxicity and Inflammatory Responses in Mice
First, we tested the effect of MCL on the survival of WT C57BL/6 mice treated with a 10 Gy radiation dose. Mice in the IR group began to die by the ninth day after irradiation, with a survival rate of 26.6% on the 14th day (Figure 2A). The survival rates of MCL (10, 20, and 50 mg/kg) groups reached 26.7, 46.7, and 60%, respectively. Moreover, the survival rate of MCL 50 mg/kg group was significantly higher than that of other groups (p < 0.001; Figure 2A). Radiation-induced intestinal injury is characterized by diarrhea, sparse stools, and visible blood in the stool, which leads to significant weight loss. We observed that weight loss after radiation exposure was significantly attenuated in the MCL (50 mg/kg)+IR mice (Figure 2B,C). Therefore, an MCL dose of 50 mg/kg was used in subsequent experiments.
[image: Figure 2]FIGURE 2 | Micheliolide (MCL) attenuates radiation-induced intestinal toxicity and inflammatory responses in wild-type (WT) mice (A) Survival curves of all experimental groups following radiation (B) Weight loss following radiation exposure (C) Representative images of mice following radiation (D, G) Representative macroscopic appearance of the small intestine following radiation with MCL treatment (E) Serum interleukin (IL)-18 levels (F) Serum IL-1β levels (I) Serum TGF-β1 levels (J) Serum TNF-α levels (K) Serum IFN-γ levels (H) Representative intestinal hematoxylin and eosin staining. Con, untreated WT mice; IL, interleukin; IR, irradiation group; MCL (10 mg/kg)+ IR, mice pre-treated with MCL (10 mg/kg) prior to irradiation; MCL (20 mg/kg)+ IR, mice pre-treated with MCL (20 mg/kg) prior to irradiation; MCL (50 mg/kg)+ IR, mice pre-treated with MCL (50 mg/kg) prior to irradiation; MCL + IR, mice pre-treated with MCL (50 mg/kg) prior to irradiation; and MCL, mice treated with MCL (50 mg/kg) without irradiation. N = 15/group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test.
In the IR mice, histology, H&E staining revealed pathological changes including mucosal injury, necrosis, loss of tissue structure, edema, and inflammatory cell infiltration when compared with the control group (Figure 2D,H). MCL treatment significantly improved these pathological changes (Figure 2D,G,H). Furthermore, enzyme-linked immunosorbent assay analysis demonstrated that the secretion of IL-1β, IL-18,TGF-β1,TNF-αand IFN-γ in the blood was lower in the MCL (50 mg/kg)+IR group than the IR-group (Figure 2E,F,I–K). Altogether, these results suggest that MCL reduces the damage and inflammation caused by RIE. Importantly, MCL (50 mg/kg) administered alone without radiation had no significant effects on intestinal tissue, suggesting that there are no adverse effects of our experimental dose of MCL.
MCL Inhibits Radiation-Induced NLRP3 Inflammasome-dependent Pyroptosis in vitro
To establish whether the activation of the NLRP3 inflammasome is involved in the underlying mechanism of RIE, we identified an effective RNAi oligonucleotide to silence NLRP3 expression in HIEC cells. We generated NLRP3-knockdown HIEC cell lines. NLRP3 knockdown was confirmed by western blot and real-time quantitative PCR (Figure 3A,B). We exposed HIEC/si-NLRP3 cells to 10 Gy of radiation and observed the cell viability after 48 h, and at the same time, detected the production of LDH, IL-1β, and IL-18 in the supernatant after 48 h. As expected, the HIEC/IR cell viability was significantly decreased (Figure 3C); the levels of LDH, IL-1β, and IL-18 in the HIEC/IR cells supernatant were dramatically increased compared with those in the control cells, whereas opposite effects were observed in HIEC/IR/si-NLRP3 cells and HIEC/IR/MCL (Figure 3D–F). In addition, GSDMD, which is essential for NLRP3-mediated pyroptosis, was cleaved by active caspase-1. In our study, we found that NLRP3 knockdown and MCL treatment suppressed the expression levels of active caspase-1 and GSDMD-N proteins (Figure 3H). PI staining also showed that IR exposure increased PI uptake by HIEC, and this increase was reduced by NLRP3 knockdown and MCL treatment (Figure 3I). Radiation-induced NLRP3 inflammasome-dependent pyroptosis was further confirmed by the flow cytometry results, which showed the inhibitory effect of MCL treatment on the proportion of double-positive HIEC (Figure 3J).
[image: Figure 3]FIGURE 3 | Micheliolide (MCL) inhibits radiation-induced NLRP3 inflammasome-dependent pyroptosis in vitro (A,B) Expression of NLRP3 in control (Ctl) and NLRP3-silenced (si-NLRP3) cells was detected by western blotting and quantitative real-time polymerase chain reaction (C) Cell viability was significantly increased by MCL (10 μM) treatment and NLRP3 knockout manner following treatment with radiation (10 Gy) for 48 h (D) LDH release was significantly decreased by MCL (10 μM) treatment and NLRP3 knockout manner following treatment with radiation (10 Gy) for 48 h (E) Cell culture supernatant IL-1β levels (F) Cell culture supernatant IL-18 levels (G,H) Expression of pro-casp1, casp1 p20, NLRP3, GSDMD, and GSDMD-N in si-NLRP3 cells and si-NC cells treated with MCL (10 μM) following irradiation (10 Gy) (I) Representative propidium iodide staining fluorescence image (J) Representative flow cytometry scatter plots. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. IL, interleukin; NLRP3, nucleotide binding domain leucine-rich repeat-containing receptor-pyrin domain containing three; GSDMD, gasdermin D.
MCL Inhibits Radiation-Induced NLRP3 Inflammasome-dependent Pyroptosis in Mice
To establish whether the activation of the NLRP3 inflammasome is involved in the pathogenesis of RIE, NLRP3−/− and WT mice were administered abdominal radiotherapy at a dose of 10 Gy. NLRP3−/− mice exhibited significantly reduced inflammation following radiation than their WT counterparts (Figure 4A). Figure 4 show that after radiation of NLRP3 knockout mice, the levels of IL-1β, IL-18, TGF-β1, TNF-α and IFN-γ (Figure 2B–F) in the blood were significantly lower in NLRP3−/− mice than in WT mice after radiation. These results indicate that the activation of the NLRP3 inflammasome contributes to the inflammation observed in RIE and may promote RIE progression after irradiation.
[image: Figure 4]FIGURE 4 | Micheliolide (MCL) inhibited irradiation-induced NLRP3 inflammasome activation in mice (A) Representative small intestine hematoxylin and eosin staining from NLRP3−/− and wild-type (WT) mice following irradiation (B) Serum IL-1β levels in NLRP3−/− and WT mice following irradiation (C) Serum IL-18 levels in NLRP3−/− and WT mice following irradiation (D) Serum TGF-β1 levels in NLRP3−/− and WT mice following irradiation (E) Serum TNF-α levels in NLRP3−/− and WT mice following irradiation (F) Serum IFN-γ levels in NLRP3−/− and WT mice following irradiation (G) Caspase-1 activity in the small intestine of NLRP3−/− and WT mice treated with MCL following irradiation (H) Expression of pro-casp1, casp1 p20, GSDMD, and GSDMD-N in NLRP3−/− and WT mice treated with MCL following irradiation (I) Formation of the NLRP3 and ASC complex in NLRP3−/− and WT mice treated with MCL following irradiation (J) Representative image of immunofluorescencent co-localization (arrows) between NLRP3 and ASC in small intestine tissue. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. Con, untreated WT mice; IR, WT mice that were treated with irradiation (10 Gy); MCL + IR, mice pre-treated with MCL prior to irradiation (10 Gy); NLRP3−/− + IR, NLRP3 knockout mice exposed to radiation (10 Gy); IL, interleukin; NLRP3, nucleotide binding domain leucine-rich repeat-containing receptor-pyrin domain containing three; GSDMD, gasdermin D. N = 15/group.
Next, we evaluated whether MCL exerted anti-inflammatory effects through inhibition of the NLRP3 inflammasome. As shown in Figure 4, the activity of caspase-1 (Figure 4G)and the expression of cleaved caspase-1 and GSDMD-N proteins (Figure 4H) were significantly increased in IR-treated WT mice. MCL-treated WT mice and NLRP3−/− mice exhibited reduced expression of these proteins after radiation. In addition, co-immunoprecipitation assays revealed that the NLRP3-ASC complex was increased significantly in the intestinal tissue of IR-treated WT animals (Figure 4I). This finding was confirmed with IF, in which the number of cells positive for both NLRP3 and ASC was increased in IR-treated animals (Figure 4J). MCL-treated WT animals and NLRP3−/− mice exhibited a significantly reduced assembly of the NLRP3 inflammasome following radiation (Figure 4I,J).
MCL Enhances Autophagy in Mice Intestinal Tissue and HIECs After Radiotherapy
To further explore whether MCL can regulate autophagy, we performed IF to detect the aggregation of the autophagosome component LC3. When compared with IR-only HIEC, the aggregation levels of LC3 significantly increased in the MCL + IR group (Figure 5A). Transmission electron microscopy was employed to detect autophagosomes and autolysosomes in the HIEC and the intestinal tissue. The number of autophagosomes was increased in the MCL + IR group compared with IR-only HIEC and mice (Figure 5B,E). In addition, we performed western blot to detect the expression levels of autophagy markers LC3, p62, and beclin 1 in the HIEC. The levels of LC3 and beclin 1 were higher, and levels of p62 were lower in the HIEC of MCL + IR-treated than in the HIEC of IR-treated, indicating that MCL treatment significantly increased autophagy (Figure 5C). Furthermore, IHC and western blot analysis of the same proteins recapitulated these results in mouse intestinal tissues (Figure 5D,F). Altogether, these results indicate that MCL enhances autophagy in mouse intestinal tissues following radiation.
[image: Figure 5]FIGURE 5 | MCL enhances autophagy in mice intestinal tissue and HIEC after radiotherapy. Con, untreated HIECs; IR, HIECs that were treated with irradiation (10 Gy); MCL + IR, HIECs pre-treated with MCL (10 μM) prior to irradiation (A) Representative immunofluorescence image of LC3 aggregation in HIECs (B) Autophagosomes (arrows) in HIEC detected by transmission electron microscopy (C) Western blot of p62, beclin 1, and LC3 protein expression in HIEC. Con, untreated WT mice; IR, WT mice that were treated with irradiation (10 Gy); MCL + IR, WT mice pre-treated with MCL (50 mg/kg) prior to irradiation (10 Gy) (D) Immunohistochemical staining of p62, beclin 1, and LC3B in small intestine tissues (E) Autophagosomes (arrows) in small intestine tissue detected by transmission electron microscopy (F) Western blot of p62, beclin 1, and LC3 protein expression in small intestine tissues. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. IR, irradiation; HIEC, human intestinal epithelial cell; MCL, micheliolide.
MCL Mediates Autophagy of the NLRP3 Inflammasome
After the autophagosome matures, lysosomes and autophagosomes fuse to form an autophagolysosome, which leads to the degradation of the autophagosome (Zhao and Zang, 2019). To determine whether autophagy is involved in the degradation of the NLRP3 inflammasome, we evaluated the co-localization of NLRP3 with LC3 and lysosome-associated membrane protein (LAMP-1). Fluorescent confocal microscopy showed that NLRP3 and LC3 were co-localized, and NLRP3 was surrounded by the lysosomal marker LAMP-1, suggesting that the NLRP3 inflammasome is fused with autophagosomes and lysosomes (Figure 6A,B). These data indicate that MCL can promote the formation of autophagic lysosomes which degrade NLRP3 inflammasomes.
[image: Figure 6]FIGURE 6 | Micheliolide (MCL) mediates autophagy of the NLRP3 inflammasome (A–B) HIECs were stained for LC3/LAMP1 (green) and NLRP3 (red) and analyzed by confocal microscopy. Co-localization of NLRP3 (arrows) and LC3/LAMP1 (arrowheads) is apparent. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. Con, untreated HIECs; IR, HIECs exposed to radiation (10 Gy); IR + MCL, HIECs pretreated with MCL (10 μM) prior to radiation (10 Gy) exposure; HIEC, human intestinal epithelial cell; LC3/LAMP1, light chain three/lysosome-associated membrane protein.
MCL Inhibits the NLRP3 Inflammasome via the Activation of Autophagy
To evaluate the role of autophagy in MCL-mediated protection following radiation, we examined whether MCL was protective against RIE in heterozygous beclin-1 knockout mice (Becn+/-). We observed that the MCL-mediated protection against histopathological changes following radiation was abolished in Becn+/- mice (Figure 7A). Furthermore, MCL-induced autophagy following radiation was abolished in Becn+/-mice (Figure 7B,C). Moreover, heterozygous knockout of beclin 1 reversed the MCL-mediated downregulation of IL-1β, IL-18, TGF-β1, TNF-α and IFN-γ following radiation (Figure 7D–H).
[image: Figure 7]FIGURE 7 | Micheliolide (MCL) inhibits the NLRP3 inflammasome via the activation of autophagy (A) Representative small intestine hematoxylin and eosin staining from Beclin1+/-and wild-type (WT) mice following irradiation (B) Western blot of p62 and LC3 protein expression (C) Autophagosomes in small intestine tissue detected by transmission electron microscopy (D) Serum IL-1β levels in MCL-treated heterozygous beclin 1 knockout mice following radiation (E) Serum IL-18 levels in MCL-treated heterozygous beclin 1 knockout mice following radiation (F) Serum TGF-β1 levels in MCL-treated heterozygous beclin 1 knockout mice following radiation (G) Serum TNF-α levels in MCL-treated heterozygous beclin 1 knockout mice following radiation (H) Serum IFN-γ levels in MCL-treated heterozygous beclin 1 knockout mice following radiation (I) Caspase-1 activation in the small intestine (J) Expression of pro casp1, casp1 p20, GSDMD, and GSDMD-N was examined by western blot in MCL-treated heterozygous beclin 1 knockout mice. (K) Representative immunofluorescence image of the co-localization (arrows) between NLRP3 and ASC in the small intestine tissue. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-tailed Student’s t-test. Con, untreated WT mice; IR, WT mice that were treated with irradiation (10 Gy); MCL + IR, mice pre-treated with MCL (50 mg/kg) prior to irradiation (10 Gy); MCL + IR + Beclin1+/−, Beclin1+/-mice with MCL (50 mg/kg) prior to irradiation (10 Gy); IL, interleukin; NLRP3, nucleotide binding domain leucine-rich repeat-containing receptor-pyrin domain containing three; GSDMD, gasdermin D; LC3, anti-light chain 3.
To determine whether MCL-mediated suppression of the NLRP3 inflammasome is dependent on autophagy, we evaluated the expression of NLRP3-associated proteins in Becn+/- mice. Similar to previous experiments, the expression of GSDMD-N and casp1 p20 was increased following radiation in WT mice, an effect which was inhibited by MCL treatment (Figure 7J). In contrast, MCL-mediated inhibition of caspase 1 activity (Figure 7I), and expression of GSDMD-N and casp1 p20 was abolished in Becn+/- mice (Figure 7J). Concordantly, co-localization of NLRP3 with ASC was observed in MCL-treated Becn+/- mice following radiation (Figure 7K). Altogether, these data indicate that MCL inhibits the activation of the NLRP3 inflammasome in an autophagy-dependent manner.
DISCUSSION
Radiotherapy is regarded as a vital treatment for abdominal and pelvic tumors (Miccio et al., 2020). However, the intestines are relatively sensitive to irradiation, and normal tissues surrounding the tumor, especially the small intestines, may be damaged by radiation exposure (Lu et al., 2019). Currently, there are no effective therapeutic agents to prevent intestinal injury resulting from radiotherapy in cancer patients (Hauer-Jensen et al., 2014). Therefore, novel compounds that can prevent or reverse RIE are urgently needed. In this study, we screened a drug library and identified MCL as a potentially therapeutic agent for RIE. We demonstrated that MCL effectively inhibited NLRP3 inflammasome activity and blocked pyroptosis in RIE, which may be associated with the ability of MCL to induce autophagy of the NLRP3 inflammasome.
In a previous study, it was demonstrated that pyroptosis plays an important role in radiation-induced inflammatory injury (Wu et al., 2018). The intact intestinal epithelium acts as an effective barrier against external stimuli, regulates intestinal homeostasis, and is sensitive to radiotherapy (Kessler et al., 2018). Therefore, we screened the pyroptosis-drug compound library in a HIEC model of radiation-induced intestinal injury. Of all the drugs in this library, MCL was found to exert the strongest effect on cell viability following radiation exposure. Furthermore, our results showed that MCL dose-dependently inhibited radiation-induced cell death and LDH release. Based on these findings, we hypothesized that MCL would attenuate radiation-induced intestinal injury in an animal model. To test this hypothesis, we exposed WT C57BL/6J mice to 10 Gy of radiation and evaluated the subsequent inflammatory response and cell damage in the intestinal tissue. The data gathered indicated that irradiation induces an inflammatory reaction accompanied by abundant production of pro-inflammatory cytokines, including IL-1β and IL-18. Interestingly, MCL alleviated radiation-induced intestinal damage and downregulated cytokine levels, consistent with previous reports (Liu et al., 2019; Tian et al., 2020).
The NLRP3 inflammasome is a multi-protein platform. It has been shown that the NLRP3-associated protein, caspase-1, is activated upon cellular infection or stress and leads to a form of programmed cell death called pyroptosis (Luan et al., 2018; Wang & Hauenstein, 2020). In the process of pyroptosis, cleaved caspase-1 specifically cleaves the linker between GSDMD-N and the carboxy-terminal domain of GSDMD, triggering the secretion of IL-1β and IL-18, which are required for pyroptosis and expansion of the inflammatory reaction (Ives et al., 2015; Kovacs and Miao, 2017). A recent study reported that radiation exposure induces NLRP3 inflammasome pathway activation, which participates in the inflammatory response to radiation damage in mouse lungs and intestines (Wei et al., 2019). Based on these findings, we speculated that MCL would mitigate RIE in mice through the inhibition of the NLRP3 inflammasome and pyroptosis. We observed that the damaging responses to radiation were attenuated in NLRP3−/− mice, suggesting NLRP3 involvement in RIE-induced damage. Furthermore, MCL treatment reduced the expression of Casp1 p20 and GSDMD-N, thereby inhibiting pyroptosis in RIE, suggesting that the therapeutic effects of MCL may be mediated by inhibition of the NLRP3 inflammasome (Gong et al., 2019; Sui et al., 2020).
The autophagy pathway is known to play a crucial role in regulating inflammation (Cao et al., 2019). Impaired autophagy may contribute to the aberrant activation of signaling pathways, leading to uncontrolled inflammation and cell death (Han et al., 2019). An increasing number of studies have indicated that the modulation of autophagy could protect against multiple organ injuries by inhibiting the NLRP3 inflammasome (Chen et al., 2020; Qiu et al., 2020; Peng et al., 2021). Moreover, research suggests that MCL mitigates the severity of liver steatosis by enhancing autophagy and attenuating NF-κB-mediated inflammation (Zhong et al., 2018). Additionally, it has been reported that resveratrol can inhibit the activation of the NLRP3 inflammasome by inducing autophagy, which ameliorates IgA nephropathy (Wu et al., 2020; Chen et al., 2021). Considering this evidence, we speculated that MCL may alleviate radiation-induced pyroptosis by promoting autophagy and subsequently inhibiting the activation of the NLRP3 inflammasome. Therefore, we evaluated the involvement of several autophagy-related genes in this study. BECN1, encoding beclin 1, is a protein essential for autophagy, which acts in cooperation with the PtdIns3K pathway to enhance the formation of the autophagic vacuole. We found that the heterozygous deletion of beclin 1 in mice reduces the radioprotective capacity of MCL. Furthermore, the inhibition of NLRP3-ASC co-localization by MCL was absent in Becn1+/− mice. Collectively, these results suggest that MCL may regulate autophagy to inhibit the NLRP3 inflammasome and exert a radioprotective effect.
No research performed to date has evaluated the effect of MCL on the relationship between the NLRP3 inflammasome and autophagy. LC3 is a protein associated with phagophores, the precursor to the autophagosome (Kabeya et al., 2000; Wirawan et al., 2012; Katsuragi et al., 2015). Previous studies have described the clearance of the NLRP3 inflammasome via autophagy. In this process, the NLRP3 inflammasome is entirely enclosed by LC3 and delivered to lysosomes for destruction (Mehto et al., 2019; Biasizzo and Kopitar-Jerala, 2020). Given this evidence, we hypothesized that MCL would promote targeting of NLRP3 inflammasomes to autophagolysosomes, thereby increasing their degradation. Direct visualization by super-resolution microscopy in our HIEC model of RIE confirmed that NLRP3 is completely enclosed by LC3 positive structures, which was increased with MCL treatment. Furthermore, we demonstrated the direct co-localization of NLRP3 with the lysosomal protein LAMP1. Altogether, these results indicate that MCL attenuates RIE by targeting NLRP3 inflammasomes for degradation.
Nonetheless, this study has some limitations. We did not determine other potential molecular targets of MCL in this study, and we were unable to determine whether NLRP3 can bind to multitarget proteins involved in inflammatory or autophagy processes. Future studies should evaluate the specific target proteins of NLRP3 binding.
In summary, we demonstrated that MCL ameliorates RIE via inhibition of the NLRP3 inflammasome, which is likely a result of enhanced autophagy leading to NLRP3 inflammasome degradation. These data suggest that MCL may be a novel drug candidate for the treatment of RIE.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Laboratory Animal Ethical Committee at Chengdu Medical College.
AUTHOR CONTRIBUTIONS
D-gW and YX: conceptualization and data curation. YX: funding acquisition. D-gW and YX: project administration. JL and D-mW: writing—original draft preparation. D-gW, YX, JL, and RS: writing—review and editing. LJ and YY: visualization. LL and S-hD: software. LJ, TL, and TZ: data curation. D-mW, LJ, LL, and RS: methodology.
FUNDING
This research was funded by the National Natural Science Foundation of China (81972977 and 81802955), the Foundation of Health Commission of Sichuan Province (20ZD016), the Foundation of Sichuan Science and Technology Agency (2018JY0648 and 2019YJ0589), the Foundation of The First Affiliated Hospital of Chengdu Medical College (CYFY2017ZD03, CYFY2018ZD02, CYFY2019ZD06, and CYFY2020YB05), and the Foundation of Collaborative Innovation Center of Sichuan for Elderly Care and Health, Chengdu Medical College (20Z096).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank Editage (www.editage.cn) for English language editing.
REFERENCES
 Akahane, K., Shirai, K., Wakatsuki, M., Ogawa, K., Minato, K., Hamamoto, K., et al. (2020). Severe Esophageal Stenosis in a Patient with Metastatic colon Cancer Following Palliative Radiotherapy, Ramucirumab, and Chemotherapy. Clin. Case Rep. 8 (5), 919–922. doi:10.1002/ccr3.2751
 Biasizzo, M., and Kopitar-Jerala, N. (2020). Interplay between NLRP3 Inflammasome and Autophagy. Front. Immunol. 11, 591803. doi:10.3389/fimmu.2020.591803
 Cao, Z., Wang, Y., Long, Z., and He, G. (2019). Interaction between Autophagy and the NLRP3 Inflammasome. Acta Biochim. Biophys. Sin (Shanghai) 51, 1087–1095. doi:10.1093/abbs/gmz098
 Chen, H., Zhou, C., Xie, K., Meng, X., Wang, Y., and Yu, Y. (2019). Hydrogen-rich saline Alleviated the Hyperpathia and Microglia Activation via Autophagy Mediated Inflammasome Inactivation in Neuropathic Pain Rats. Neuroscience 421, 17–30. doi:10.1016/j.neuroscience.2019.10.046
 Chen, W., Shen, Y., Fan, J., Zeng, X., Zhang, X., Luan, J., et al. (2021). IL-22-mediated Renal Metabolic Reprogramming via PFKFB3 to Treat Kidney Injury. Clin. Transl Med. 11 (2), e324. doi:10.1002/ctm2.324
 Chen, W., Zai, W., Fan, J., Zhang, X., Zeng, X., Luan, J., et al. (2020). Interleukin-22 Drives a Metabolic Adaptive Reprogramming to Maintain Mitochondrial Fitness and Treat Liver Injury. Theranostics 10 (13), 5879–5894. doi:10.7150/thno.43894
 Eskelinen, E. L. (2019). Autophagy: Supporting Cellular and Organismal Homeostasis by Self-Eating. Int. J. Biochem. Cel Biol. 111, 1–10. doi:10.1016/j.biocel.2019.03.010
 Fu, C., Zhang, X., Lu, Y., Wang, F., Xu, Z., Liu, S., et al. (2020). Geniposide Inhibits NLRP3 Inflammasome Activation via Autophagy in BV-2 Microglial Cells Exposed to Oxygen-Glucose Deprivation/reoxygenation. Int. Immunopharmacol. 84, 106547. doi:10.1016/j.intimp.2020.106547
 Gong, W., Zhang, S., Zong, Y., Halim, M., Ren, Z., Wang, Y., et al. (2019). Involvement of the Microglial NLRP3 Inflammasome in the Anti-inflammatory Effect of the Antidepressant Clomipramine. J. Affect. Disord. 254, 15–25. doi:10.1016/j.jad.2019.05.009
 Han, J., Bae, J., Choi, C. Y., Choi, S. P., Kang, H. S., Jo, E. K., et al. (2016). Autophagy Induced by AXL Receptor Tyrosine Kinase Alleviates Acute Liver Injury via Inhibition of NLRP3 Inflammasome Activation in Mice. Autophagy 12, 2326–2343. doi:10.1080/15548627.2016.1235124
 Han, X., Sun, S., Sun, Y., Song, Q., Zhu, J., Song, N., et al. (2019). Small Molecule-Driven NLRP3 Inflammation Inhibition via Interplay between Ubiquitination and Autophagy: Implications for Parkinson Disease. Autophagy 15, 1860–1881. doi:10.1080/15548627.2019.1596481
 Haq, S., Grondin, J., Banskota, S., and Khan, W. I. (2019). Autophagy: Roles in Intestinal Mucosal Homeostasis and Inflammation. J. Biomed. Sci. 26, 19. doi:10.1186/s12929-019-0512-2
 Hauer-Jensen, M., Denham, J. W., and Andreyev, H. J. (2014). Radiation Enteropathy-Ppathogenesis, Treatment and Prevention. Nat. Rev. Gastroenterol. Hepatol. 11, 470–479. doi:10.1038/nrgastro.2014.46
 Hazell, S. Z., Mai, N., Fu, W., Hu, C., Friedes, C., Negron, A., et al. (2020). Hospitalization and Definitive Radiotherapy in Lung Cancer: Incidence, Risk Factors and Survival Impact. BMC Cancer 20, 334. doi:10.1186/s12885-020-06843-z
 He, W. T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). Gasdermin D Is an Executor of Pyroptosis and Required for Interleukin-1β Secretion. Cell Res 25, 1285–1298. doi:10.1038/cr.2015.139
 Ives, A., Nomura, J., Martinon, F., Roger, T., LeRoy, D., Miner, J. N., et al. (2015). Xanthine Oxidoreductase Regulates Macrophage IL1β Secretion upon NLRP3 Inflammasome Activation. Nat. Commun. 6, 6555. doi:10.1038/ncomms7555
 Jiang, H., Gong, T., and Zhou, R. (2020). The Strategies of Targeting the NLRP3 Inflammasome to Treat Inflammatory Diseases. Adv. Immunol. 145, 55–93. doi:10.1016/bs.ai.2019.11.003
 Jiang, X., Wang, Y., Qin, Y., He, W., Benlahrech, A., Zhang, Q., et al. (2017). Micheliolide Provides protection of Mice against Staphylococcus aureus and MRSA Infection by Down-Regulating Inflammatory Response. Sci. Rep. 7, 41964. doi:10.1038/srep41964
 Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., et al. (2000). LC3, a Mammalian Homologue of Yeast Apg8p, Is Localized in Autophagosome Membranes after Processing. EMBO J. 19, 5720–5728. doi:10.1093/emboj/19.21.5720
 Kalantary-Charvadeh, A., Sanajou, D., Hemmati-Dinarvand, M., Marandi, Y., Khojastehfard, M., Hajipour, H., et al. (2019). Micheliolide Protects against Doxorubicin-Induced Cardiotoxicity in Mice by Regulating PI3K/Akt/NF-kB Signaling Pathway. Cardiovasc. Toxicol. 19, 297–305. doi:10.1007/s12012-019-09511-2
 Katsuragi, Y., Ichimura, Y., and Komatsu, M. (2015). p62/SQSTM1 Functions as a Signaling Hub and an Autophagy Adaptor. FEBS J. 282, 4672–4678. doi:10.1111/febs.13540
 Kessler, S. P., Obery, D. R., Nickerson, K. P., Petrey, A. C., McDonald, C., and de la Motte, C. A. (2018). Multifunctional Role of 35 Kilodalton Hyaluronan in Promoting Defense of the Intestinal Epithelium. J. Histochem. Cytochem. 66, 273–287. doi:10.1369/0022155417746775
 Kovacs, S. B., and Miao, E. A. (2017). Gasdermins: Effectors of Pyroptosis. Trends Cel Biol 27, 673–684. doi:10.1016/j.tcb.2017.05.005
 Li, J., Wu, D. M., Han, R., Yu, Y., Deng, S. H., Liu, T., et al. (2020). Low-Dose Radiation Promotes Invasion and Migration of A549 Cells by Activating the CXCL1/NF-Κb Signaling Pathway. Onco. Targets Ther. 13, 3619–3629. doi:10.2147/OTT.S243914
 Liu, W., Chen, X., Wang, Y., Chen, Y., Chen, S., Gong, W., et al. (2019). Micheliolide Ameliorates Diabetic Kidney Disease by Inhibiting Mtdh-Mediated Renal Inflammation in Type 2 Diabetic Db/db Mice. Pharmacol. Res. 150, 104506. doi:10.1016/j.phrs.2019.104506
 Lu, L., Li, W., Chen, L., Su, Q., Wang, Y., Guo, Z., et al. (2019). Radiation-induced Intestinal Damage: Latest Molecular and Clinical Developments. Future Oncol. 15, 4105–4118. doi:10.2217/fon-2019-0416
 Luan, J., Zhang, X., Wang, S., Li, Y., Fan, J., Chen, W., et al. (2018). NOD-like Receptor Protein 3 Inflammasome-dependent IL-1β Accelerated ConA-Induced Hepatitis. Front. Immunol. 9, 758. doi:10.3389/fimmu.2018.00758
 Mehto, S., Chauhan, S., Jena, K. K., Chauhan, N. R., Nath, P., Sahu, R., et al. (2019). IRGM Restrains NLRP3 Inflammasome Activation by Mediating its SQSTM1/p62-dependent Selective Autophagy. Autophagy 15, 1645–1647. doi:10.1080/15548627.2019.1628544
 Miccio, J. A., Oladeru, O. T., Jun Ma, S., and Johung, K. L. (2020). Radiation Therapy for Patients with Advanced Renal Cell Carcinoma. Urol. Clin. North. Am. 47, 399–411. doi:10.1016/j.ucl.2020.04.011
 Molitoris, J. K., Alexander, G. S., Siddiqui, O., Cohen, J., Mishra, M. V., and Rana, Z. (2021). High-risk, Recurrent and Oligometastatic Prostate Cancer: Recent Developments on the Role of Radiation. Curr. Opin. Oncol. 33, 238–243. doi:10.1097/CCO.0000000000000720
 Nussbaum, M. L., Campana, T. J., and Weese, J. L. (1993). Radiation-induced Intestinal Injury. Clin. Plast. Surg. 20, 573–580. doi:10.1016/s0094-1298(20)31199-8
 Peng, W., Peng, F., Lou, Y., Li, Y., Zhao, N., Shao, Q., et al. (2021). Autophagy Alleviates Mitochondrial DAMP-Induced Acute Lung Injury by Inhibiting NLRP3 Inflammasome. Life Sci. 265, 118833. doi:10.1016/j.lfs.2020.118833
 Pohl, C., and Dikic, I. (2019). Cellular Quality Control by the Ubiquitin-Proteasome System and Autophagy. Science 366, 818–822. doi:10.1126/science.aax3769
 Qin, X., Jiang, X., Jiang, X., Wang, Y., Miao, Z., He, W., et al. (2016). Micheliolide Inhibits LPS-Induced Inflammatory Response and Protects Mice from LPS challenge. Sci. Rep. 6, 23240. doi:10.1038/srep23240
 Qiu, W. Q., Pan, R., Tang, Y., Zhou, X. G., Wu, J. M., Yu, L., et al. (2020). Lychee Seed Polyphenol Inhibits Aβ-Induced Activation of NLRP3 Inflammasome via the LRP1/AMPK Mediated Autophagy Induction. Biomed. Pharmacother. 130, 110575. doi:10.1016/j.biopha.2020.110575
 Seoane, P. I., Lee, B., Hoyle, C., Yu, S., Lopez-Castejon, G., Lowe, M., et al. (2020). The NLRP3-Inflammasome as a Sensor of Organelle Dysfunction. J. Cel Biol. 219, e2020061942020. doi:10.1083/jcb.202006194
 Seong, J. (2009). Challenge and hope in Radiotherapy of Hepatocellular Carcinoma. Yonsei Med. J. 50 (5), 601–612. doi:10.3349/ymj.2009.50.5.601
 Shadad, A. K., Sullivan, F. J., Martin, J. D., and Egan, L. J. (2013). Gastrointestinal Radiation Injury: Prevention and Treatment. World J. Gastroenterol. 19, 199–208. doi:10.3748/wjg.v19.i2.199
 Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell Death. Trends Biochem. Sci. 42, 245–254. doi:10.1016/j.tibs.2016.10.004
 Sipaviciute, A., Sileika, E., Burneckis, A., and Dulskas, A. (2020). Late Gastrointestinal Toxicity after Radiotherapy for Rectal Cancer: a Systematic Review. Int. J. Colorectal Dis. 35, 977–983. doi:10.1007/s00384-020-03595-x
 Sui, X., Yang, J., Zhang, G., Yuan, X., Li, W., Long, J., et al. (2020). NLRP3 Inflammasome Inhibition Attenuates Subacute Neurotoxicity Induced by Acrylamide In Vitro and In Vivo. Toxicology 432, 152392. doi:10.1016/j.tox.2020.152392
 Sun, Z., Li, G., Tong, T., and Chen, J. (2017). Micheliolide Suppresses LPS-Induced Neuroinflammatory Responses. PLoS One 12, e0186592. doi:10.1371/journal.pone.0186592
 Takemura, N., Kurashima, Y., Mori, Y., Okada, K., Ogino, T., Osawa, H., et al. (2018). Eosinophil Depletion Suppresses Radiation-Induced Small Intestinal Fibrosis. Sci. Transl Med. 10 (429), eaan0333. doi:10.1126/scitranslmed.aan0333
 Tang, R., Xu, J., Zhang, B., Liu, J., Liang, C., Hua, J., et al. (2020). Ferroptosis, Necroptosis, and Pyroptosis in Anticancer Immunity. J. Hematol. Oncol. 13, 110. doi:10.1186/s13045-020-00946-7
 Tian, Z. G., Yao, M., and Chen, J. (2020). Micheliolide Alleviates Ankylosing Spondylitis (AS) by Suppressing the Activation of the NLRP3 Inflammasome and Maintaining the Balance of Th1/Th2 via Regulating the NF-Κb Signaling Pathway. Ann. Transl. Med. 8, 991. doi:10.21037/atm-20-4987
 Wang, L., and Hauenstein, A. V. (2020). The NLRP3 Inflammasome: Mechanism of Action, Role in Disease and Therapies. Mol. Aspects Med. 76, 100889. doi:10.1016/j.mam.2020.100889
 Wei, J., Wang, H., Wang, H., Wang, B., Meng, L., Xin, Y., et al. (2019). The Role of NLRP3 Inflammasome Activation in Radiation Damage. Biomed. Pharmacother. 118, 109217. doi:10.1016/j.biopha.2019.109217
 Wirawan, E., Lippens, S., Vanden Berghe, T., Romagnoli, A., Fimia, G. M., Piacentini, M., et al. (2012). Beclin1: a Role in Membrane Dynamics and beyond. Autophagy 8, 6–17. doi:10.4161/auto.8.1.16645
 Wu, C. Y., Hua, K. F., Yang, S. R., Tsai, Y. S., Yang, S. M., Hsieh, C. Y., et al. (2020). Tris DBA Ameliorates IgA Nephropathy by Blunting the Activating Signal of NLRP3 Inflammasome through SIRT1- and SIRT3-Mediated Autophagy Induction. J. Cel Mol. Med. 24, 13609–13622. doi:10.1111/jcmm.15663
 Wu, D., Han, R., Deng, S., Liu, T., Zhang, T., Xie, H., et al. (2018). Protective Effects of Flagellin a N/c against Radiation-Induced NLR Pyrin Domain Containing 3 Inflammasome-dependent Pyroptosis in Intestinal Cells. Int. J. Radiat. Oncol. Biol. Phys. 101, 107–117. doi:10.1016/j.ijrobp.2018.01.035
 Yu, P., Zhang, X., Liu, N., Tang, L., Peng, C., and Chen, X. (2021). Pyroptosis: Mechanisms and Diseases. Sig Transduct Target. Ther. 6, 128. doi:10.1038/s41392-021-00507-5
 Zhao, Y. G., and Zhang, H. (2019). Autophagosome Maturation: An Epic Journey from the ER to Lysosomes. J. Cel Biol. 218, 757–770. doi:10.1083/jcb.201810099
 Zhong, J., Gong, W., Chen, J., Qing, Y., Wu, S., Li, H., et al. (2018). Micheliolide Alleviates Hepatic Steatosis in Db/db Mice by Inhibiting Inflammation and Promoting Autophagy via PPAR-γ-Mediated NF-кB and AMPK/mTOR Signaling. Int. Immunopharmacol. 59, 197–208. doi:10.1016/j.intimp.2018.03.036
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wu, Li, Shen, Li, Yu, Li, Deng, Liu, Zhang, Xu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-773150-g005.gif





OPS/images/fphar-12-773150-g006.gif





OPS/images/fphar-12-773150-g003.gif





OPS/images/fphar-12-773150-g004.gif





OPS/images/fphar-12-773150-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Autophagy Induced by Micheliolide Alleviates Acute Irradiation-Induced Intestinal Injury via Inhibition of the NLRP3 Inflammasome		Introduction

		Materials and Methods		Reagents

		Cell Culture and Radiation Treatment

		Cell Viability Analysis of an FDA-Approved Compound Library

		LDH Release Assay

		Flow Cytometry

		PI Staining

		Animals and Irradiation

		MCL Treatment

		Enzyme-Linked Immunosorbent Assay of Inflammatory Cytokines

		Caspase-1 Activity Assay

		Western Blotting

		Co-Immunoprecipitation Assays

		Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry (IHC)

		Immunofluorescence (IF)

		Confocal Microscopy

		Cell Transfections

		Real Time Fluorescent Quantitative PCR

		Statistical Analysis





		Results		MCL Protects Against Ionizing Radiation in HIECs

		MCL Attenuates Radiation-Induced Intestinal Toxicity and Inflammatory Responses in Mice

		MCL Inhibits Radiation-Induced NLRP3 Inflammasome-dependent Pyroptosis in vitro

		MCL Inhibits Radiation-Induced NLRP3 Inflammasome-dependent Pyroptosis in Mice

		MCL Enhances Autophagy in Mice Intestinal Tissue and HIECs After Radiotherapy

		MCL Mediates Autophagy of the NLRP3 Inflammasome

		MCL Inhibits the NLRP3 Inflammasome via the Activation of Autophagy





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Autophagy Induced by
Micheliolide Alleviates Acute
Irradiation-Induced Intestinal

Injury via Inhibition of the NLRP3
Inflammasome





OPS/images/fphar-12-773150-g001.gif





OPS/images/fphar-12-773150-g002.gif
! ., T e ]
i =
L i










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





