

[image: Maf1 Ameliorates Sepsis-Associated Encephalopathy by Suppressing the NF-kB/NLRP3 Inflammasome Signaling Pathway]
Maf1 Ameliorates Sepsis-Associated Encephalopathy by Suppressing the NF-kB/NLRP3 Inflammasome Signaling Pathway





ORIGINAL RESEARCH

published: 23 December 2020

doi: 10.3389/fimmu.2020.594071

[image: image2]


Maf1 Ameliorates Sepsis-Associated Encephalopathy by Suppressing the NF-kB/NLRP3 Inflammasome Signaling Pathway


Shenglong Chen 1†, Chaogang Tang 2†, Hongguang Ding 1†, Zhonghua Wang 3, Xinqiang Liu 1, Yunfei Chai 4, Wenqiang Jiang 1, Yongli Han 1 and Hongke Zeng 1*


1 Department of Critical Care Medicine, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences,  Guangzhou, China, 2 Department of Cerebrovascular Disease, The Fifth Affiliated Hospital of Sun Yat-Sen University, Zhuhai, China, 3 Department of Gerontological Critical Care Medicine, Guangdong Provincial People’s Hospital/Guangdong Academy of Medical Sciences/Guangdong Provincial Geriatrics Institute, Guangzhou, China, 4 Anesthesiology Department of Guangdong Cardiovascular Institute, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China




Edited by:
 Massimo Collino, University of Turin, Italy

Reviewed by:
 Alexandrina Sartori, São Paulo State University, Brazil
 Yang Chen, Guangzhou University of Chinese Medicine, China

*Correspondence:
 Hongke Zeng
 zenghongke@vip.163.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 14 August 2020

Accepted: 17 November 2020

Published: 23 December 2020

Citation:
Chen S, Tang C, Ding H, Wang Z, Liu X, Chai Y, Jiang W, Han Y and Zeng H (2020) Maf1 Ameliorates Sepsis-Associated Encephalopathy by Suppressing the NF-kB/NLRP3 Inflammasome Signaling Pathway. Front. Immunol. 11:594071. doi: 10.3389/fimmu.2020.594071




Background

The NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome has been identified as an important mediator of blood–brain-barrier disruption in sepsis-associated encephalopathy (SAE). However, no information is available concerning the critical upstream regulators of SAE.



Methods

Lipopolysaccharide (LPS) was used to establish an in vitro model of blood–brain barrier (BBB) disruption and an in vivo model of SAE. Disruption of BBB integrity was assessed by measuring the expression levels of tight-junction proteins. NLRP3 inflammasome activation, pro-inflammatory cytokines levels, and neuroapoptosis were measured using biochemical assays. Finally, the FITC-dextran Transwell assay and Evan’s blue dye assay were used to assess the effect of Maf1 on LPS-induced endothelial permeability in vitro and in vivo.



Results

We found that Maf1 significantly suppressed the brain inflammatory response and neuroapoptosis induced by LPS in vivo and in vitro. Notably, Maf1 downregulated activation of the NF-κB/p65-induced NLRP3 inflammasome and the expression of pro-inflammatory cytokines. In addition, we found that Maf1 and p65 directly bound to the NLRP3 gene promoter region and competitively regulated the function of NLRP3 in inflammations. Moreover, overexpression of NLRP3 reversed the effects of p65 on BBB integrity, apoptosis, and inflammation in response to LPS. Our study revealed novel role for Maf1 in regulating NF-κB-mediated inflammasome formation, which plays a prominent role in SAE.



Conclusions

Regulation of Maf1 might be a therapeutic strategy for SAE and other neurodegenerative diseases associated with inflammation.
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Highlights

	Maf1 alleviated the BBB disruption, neuro-apoptosis, and inflammation induced by LPS.

	Maf1 suppressed inflammation in the LPS-induced in vitro BBB model by inactivating NLRP3 inflammasomes.

	Overexpression of p65 reversed the effects of Maf1 on in vitro BBB integrity, cell viability, and apoptosis in response to LPS. Maf1 and p65 directly bound to the NLRP3 promoter.

	Overexpression of NLRP3 reversed the effects of p65 on in vitro BBB integrity, apoptosis, and inflammation in response to LPS.

	Maf1 improved cognitive impairment and in vivo BBB integrity.





Introduction

Sepsis is s a life-threatening type of organ dysfunction caused by an infection (1, 2). Sepsis-associated encephalopathy (SAE) is a diffuse brain disorder caused by sepsis that occurs in the absence of a central nervous system (CNS) infection (2). The mortality rate of SAE patients can reach 70% (3), and the pathogenesis of SAE remains unclear. Previous reports have suggested that cerebrovascular dysfunction, oxidative stress, inflammatory damage, and mitochondrial dysfunction are related to the pathogenesis of SAE (4). However, the precise molecular mechanism of SAE has not been thoroughly investigated.

The blood–brain barrier (BBB) is a dynamic “physical barrier” that regulates the molecular flux between the blood and brain and thereby maintains a state of homeostasis in the CNS (5). The BBB is composed of endothelial cells, astrocytic end feet, and tight junctions (6, 7). The endothelial cells regulate BBB integrity, and due to their rapid growth and stability, are widely used to establish the in vitro BBB models (8). Recent studies have shown that a decrease in inter-endothelial junctions and an increase in endothelial barrier permeability are responsible for the pathogenesis of many cerebral diseases, such as SAE, Alzheimer’s disease, and cerebral ischemia (9).

BBB disruption is often associated with neuroinflammation (10). The excessive expression of pro-inflammatory cytokines (e.g., IL-1β, IL-18, and TNF-α) often aggravates any existing damage in brain tissue (11). The initiation of SAE by treatment with lipopolysaccharides (LPSs) induces the translocation of NF-κB into the nucleus, where it promotes the transcription of pro-inflammatory genes (12). NF-κB activates a variety of genes in the nucleus, including microglial nod-like receptor protein 3 (NLRP3). NLRP3 plays an important role in the inflammation cascade by amplifying an inflammation response (13); thus, inhibition of NLRP3 inflammasome activity has been proposed as a strategy for treating various diseases, including neurological diseases (14–17), osteoarthritis (18), diabetic nephropathy (19), liver fibrosis (20). Moreover, NF-κB-induced NLRP3 expression is sufficient for NLRP3 to mediate inflammasome formation, suggesting that blocking the functional cross-talk that occurs between NF-κB and NLRP3 might attenuate an inflammation-induced BBB injury.

Maf1 is a conserved negative regulator of RNA polymerase (pol) III (RNAP III) (21), which contains three conserved regions (A-. B-, and C-box). Maf1 participates in several physiological processes, including oncogenesis and lipid metabolism (22). Under nutrient-rich conditions, Maf1 is predominantly localized in the cytoplasm, whereas under favorable growth conditions, it binds to the RNAP III complex in the nucleus, resulting in the dissociation of RNAP III from tRNA promoter sequences (23). However, the role played by Maf1 and its underlying mechanisms in inflammation-induced BBB injuries remains unknown.

In this study, we used in vitro and in vivo BBB model to assess whether Maf1 could effect LPS-induced SAE. Furthermore, we explored how Maf1 regulated NF-κB-induced NLRP3 activation. Our findings highlight novel of Maf1 in regulating NLRP3 activation and also suggest a potential therapeutic role for Maf1 in treating brain diseases associated with BBB disruption.



Materials and Methods


Cell Lines and Culture Conditions

BMECs and astrocytes were obtained from Cell Systems Corporation (ACBRI376, Kirkland, WA, USA) and cultured in DMEM containing 10% FBS in a 37°C incubator with a 5% CO2 atmosphere.



Cell Treatments and Transfection

BMECs were incubated with or without LPS (1 μg/ml, Sigma-Aldrich, St. Louis, MO, USA) for 30 min. The cells were transfected with Maf1, p65, and NLRP3 overexpression plasmids or Maf1 and p65 knockdown plasmids for 48 h using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA), and then incubated with LPS for 30 min. All plasmids were obtained from Genepharma (Shanghai, China).



Establishment of the In Vitro BBB Model

An in vitro model of the BBB was constructed by co-culturing mouse brain microvascular endothelial cells (BMECs) and astrocytes, as previously described (24). Astrocytes (1.5 × 104) were seeded into the lower chambers of a 24-well Transwell plate and allowed to adhere overnight (considered as day −1). On the next day (day 0), BMECs (1.5 × 105), which had been transfected with the indicated plasmid (day −2) or treated with LPS for 48 h, were seeded into the upper chambers of the 24-well Transwell plate that had been coated with fibronectin. The BMECs were cultured in DMEM containing 10% FBS.



Transendothelial Electrical Resistance

The barrier integrity of BMECs was measured in units of TEER using a1600R ECIS system at 0, 6, 12, and 24 h (day 0). The readings were acquired continuously at 4,000 Hz and at 30 min intervals.



In Vitro Permeability Assessments

Cells from different groups were seeded into a Transwell chamber (Corning Costar, Corning, NY, USA) at a density of 1 × 104 cells/chamber and cultured for 72 h. After discarding the medium, the cells in the upper chamber were incubated with 10 kDa FITC-dextran (10 mg/ml; 10 μl) for 1 h; after which, the fluorescence intensity in the upper and lower chambers was determined with a fluorescence microplate reader (M200 PRO, Tecan, Switzerland). Based on the relative fluorescent units in the upper and lower chambers, the permeability coefficient was determined using a previously reported formula (25). All independent experiments were performed in triplicate.



Cell Counting Kit-8 Assay

After being co-cultured for 3 days, BMECs were seeded into the wells of 96-well plates at a density of 3,500 cells per well and cultured for different time periods (0, 12, and 24 h). Next, 10 μl of CCK-8 reagent (Promega, Madison, WI, USA) was added to each well, and the cells were incubated for 2 h at 37°C. The optical density (OD) of each well was 450 nm, which was measured with a microplate reader.



Flow Cytometry Analysis of Apoptosis

After being co-cultured for 3 days, BMECs were collected for an analysis of apoptosis that was performed using an Annexin V/PI Apoptosis Detection kit (Beyotime Institute of Biotechnology). In brief, the cells were re-suspended and then incubated with 10 μl of Annexin-V and 10 μl of PI for 15 min in the dark. Subsequently, the apoptotic rate was determined with a FACSAria flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).



Dual-Luciferase Reporter Assay

The wild-type (WT) and mutated (MUT) putative Maf1-binding sites in the NLRP3-promoter region were cloned into the upstream region of the pGL3-REPORT luciferase vector (Promega). For the reporter assay, HEK293T cells were co-transfected with the above NLRP3 promoter-luciferase reporter constructs and pcDNA4.0/pcDNA4.0-Maf1 plasmids for 48 h by using Lipofectamine 2000 (Invitrogen). Next, relative luciferase activities were measured using a dual-Luciferase reporter assay system (Promega). Each transfection was performed in triplicate.



Electrophoretic Mobility Shift Assay

The interaction between Maf1 and NLRP3 was examined using an EMSA Gel Shift Kit (Viagene, Tampa FL, USA) in accordance with the manufacturer’s instructions. Cell nuclear extracts were isolated and incubated with biotin-labeled probes containing the NLRP3 consensus sequence. Next, the specific anti-Maf1 or anti-p65 antibody was added to the mixture of nuclear extracts and DNA probes. The DNA–protein complexes were transferred onto a nylon binding membrane and detected using a streptavidin-horseradish peroxidase conjugate enhanced chemiluminescence (ECL) detection system (Sage Creation, Beijing, China).



Chromatin Immunoprecipitation Assay

CHIP assays were performed using an Agarose CHIP Kit (Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, cells transfected with pcDNA4.0-Maf1 or pcDNA4.0-p65 plasmids were harvested, cross-linked by 1% formaldehyde for 10 min, and then treated with glycine for 5 min to stop the cross-linking. Nuclear lysates were sonicated for 20 min using a Scientz-IID sonicator (Scientz, Zhejiang, China). Immunoprecipitation was conducted with specific antibodies (anti-Maf1, anti-p65) or isotype IgG antibodies. Following proteinase K digestion, bound target DNA fractions were amplified for a region that spanned nucleotides containing the Maf1 or p65 binding sites of the NLRP3 promoter.



Sepsis Associated Encephalopathy Rat Model and Groups

Adult male Sprague–Dawley rats (n = 48; weight range 180–220 g) were purchased from the animal center of Sun Yat-Sen University (Guangzhou, China) and housed in a room maintained at 22–25°C and 40–50% humidity. Food and water were available ad libitum. The rats were randomly assigned to four different groups. Rats in the Sham group (n = 12) received equal volumes of saline; rats in the SEA group (n = 12) received intraperitoneal injections of LPS dissolved in saline (5 mg/kg weight); rats in the SAE + NC group (n = 12) received intraperitoneal injections of LPS (5 mg/kg body weight), and the control plasmid (100 μg) was injected via the carotid artery; rats in the SAE + Maf group (n = 12) were intraperitoneally injected with LPS (5 mg/kg weight), and theMaf1 overexpression plasmid (100 μg) was injected via the carotid artery. After undergoing surgery and treatments, the rats allowed to recover for 24 h and had free access to food and water. All animal experiments were conducted according guidelines in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. This study protocol was approved by the Animal Care Committee of Guangdong Provincial People’s Hospital.



Animal Sample Preparation

At the end of the Morris Water Maze (MWM) test, rats were anesthetized with 40% urethane and sacrificed. The brain of each rat was removed, and specimens of whole brain tissue (n = 6 for each group) were used for Evans blue assays. Samples of brain cortex tissue (n = 6 for each group) were collected for analysis by Western blotting, IHC, and ELISA assays.



In Vivo BBB Permeability Assessments

Evan’s blue dye assays were performed to assess the in vivo permeabilization of the BBB in the SAE model rats, as previously described (26). In brief, six rats from each group were anesthetized with 40% urethane; after which, they were injected with 2% solution of Evans Blue in sterile saline solution via the tail vein, and then transcardially perfused with cold saline. Next, the brain tissues were quickly removed, weighted, and homogenized in 1.5 ml ice-cold PBS. After centrifugation at 6,000×g for 30 min, the absorbance of each supernatant at 620 nm was measured with a spectrophotometer.



Morris Water Maze Test

The MWM test was performed to determine the learning and memory abilities of each rat as previously described (27). Briefly, the water maze consisted of a circular black pool measuring 100 cm in diameter and 38 cm in height. The pool was filled with opaque water (black ink) at a temperature of 23 ± 1°C, with a depth of 25 cm. A submerged (1.5 cm beneath the water surface) platform was located at a fixed point in the pool (the target quadrant). The movement tracks of each rat were video-recorded and automatically scored using Smart tracking software (ANY-maze; Stoelting, Wood Dale, IL, USA). The escape latency to reach the platform and the platform-crossing times were analyzed.



Enzyme Linked Immunosorbent Assay

The supernatant of cultured cells were analyzed by ELISA. Samples of cerebral cortex tissue (n = 6 for each group) were homogenized in 0.2 ml of ice-cold PBS and centrifuged at 6,000×g for 30 min. The levels of IL-1β and IL-18 in each supernatant were analyzed using ELISA assay kits according to the instructions provided by the manufacturer. All samples were analyzed in duplicate.



Immunofluorescence Assay

For immunocytochemistry, growth phase cells from different groups were plated onto coverslips and incubated overnight. After being rinsed twice with cold PBS, the cells were fixed in 4% paraformaldehyde for 30 min, permeabilized with 0.2% Triton X-100 and then incubated with primary antibodies against Maf1, p65, and NLRP3 at room temperature for 2 h. Immunoreactivity was visualized using AF-594 (red) or AF488 (green)-conjugated secondary antibodies and counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The co-expression of Maf1 and NLRP3, as well as Maf1 and p65, was viewed using a Leica TCS SP5-X inverted confocal microscope (Leica Microsystems, Buffalo Grove, IL).



Immunohistochemistry

Samples of brain tissue (n = 6 for each group) were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 4 μm thick sections. After dewaxing, dehydration, and antigen retrieval, the tissue specimens were blocked and incubated with a Bax or Bcl-2 antibody. The subsequent steps were the same as those performed for immunofluorescence assays.



Western Blot Analysis

Cytosolic and nuclear fractions were prepared from the cell culture using Nuclear-Cytosol Extraction Kit (TDY, Biotech CO., Ltd, Beijing). The total proteins were extracted from brain tissues (cerebral cortex, n = 6 for each group) using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China), and the protein concentration of each extract was determined using a BCA protein assay (Pierce, Rockford, IL, USA). Next, an equal amount (30 μg) of protein from each extract was separated by 10–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the protein bands were transferred onto PVDF membranes, which were subsequently blocked with 5% skimmed milk for 2 h. The membranes were then incubated overnight at 4°C with primary antibodies against Maf1 (Abcam, Cambridge, UK, ab230499, 1:500 dilution), NF-κB p65 (CST, Danvers, MA, USA, 8242, 1:1,000 dilution), NLRP3 (Abcam, ab214185, 1:500 dilution), Claudin-5 (Abcam, ab131259, 1:5,000 dilution), Occludin (Abcam, ab167161, 1:50,000 dilution), ZO-1 (Abcam, ab96587, 1:2,000 dilution), Caspase-1 (Abcam, ab1872, 1:500 dilution), Bax (Abcam, ab32503, 1:5,000 dilution), Bcl-2 (Abcam, ab196495, 1:1,000 dilution), IL-1β (Abcam, ab239517, 1:1,000 dilution), IL-18 (Abcam, ab191860, 1:1,000 dilution), GSDMD (Abcam, ab219800, 1:1,000 dilution), Histone 3 (Abcam, ab1791, 1:3,000 dilution), and GAPDH (Abcam, ab181602, 1:10,000 dilution), followed by incubation with horseradish peroxidase-conjugated antibodies for 2 h at room temperature. The immunoreactive protein bands were visualized with an enhanced chemiluminescence (ECL) kit (Shanghai Sangon, China). GAPDH and β-actin served as internal control for total protein and cytoplasm protein, respectively. Histone3 served as internal control for the nucleus.



Statistical Analysis

All statistical analyses were performed using SPSS Statistics for Windows, Version 17.0 software (SPSS, Inc, Chicago, IL, USA). Results were expressed as mean value  ±  standard deviation (SD) of data obtained from at least three independent experiments. Comparisons of normally distributed data between two groups were performed using the Student’s t-test. Normally distributed data from multiple groups was compared using one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. Comparisons of non-normally distributed data between two groups were made using the Mann–Whitney U test, and the Kruskal–Wallis ranked analysis was used to compare non-normally distributed data between more than two groups. A p-value <0.05 was considered to be statistically significant.




Results


Maf1 Alleviates the BBB Disruption, Neuro-Apoptosis, and Inflammation Induced by LPS

Disruption of the BBB and increased apoptosis have both been implicated in the pathogenesis of SAE (28, 29). We determined the effects of Maf1 on the permeability of BMECs after treatment with LPS. As shown in Figure 1A, the tight-junctions of endothelial cells were disrupted by LPS stimulation. There was evidence of endothelium detachment, and areas of reduced electron density were seen (p < 0.001). However, these effects were reversed to some extent by Maf1 overexpression and further aggravated by Maf1 knockdown (p < 0.01). In addition, the permeability of the cell monolayer formed across the Transwell chamber after LPS stimulation was partially attenuated by Maf1 overexpression, but aggravated by Maf1 knockdown (Figure 1B, p < 0.01 and p < 0.001). We also observed that the viability of BMECs was significantly decreased by LPS stimulation (p < 0.001), but that decrease could be recovered by Maf1 overexpression (p < 0.01) (Figure 1C). Moreover, the cell apoptosis induced by LPS was reversed by Maf1 and enhanced by inhibition of Maf1 (Figures 1D, E, p < 0.01). We also detected the expression of apoptotic- and tight junction-related proteins in the in vitro BBB model, and found that the levels of tight junction-related proteins (Occludin, Claudin-5, and ZO-1) were decreased, the levels of the pro-apoptotic protein Bax and pyroptosis protein GSDMD were increased, while the levels of the anti-apoptotic protein Bcl-2 were decreased after LPS stimulation. Notably, the effects of LPS on expression of the above proteins were reversed by Maf1 overexpression but enhanced by Maf1 knockdown (Figure 1F and Supplementary Figure 1A).




Figure 1 | Maf1 alleviated BBB disruption, neuro-apoptosis, and inflammation induced by LPS. BMECs were transfected with a control vector (NC), Maf1 or shMaf1 plasmid, followed by LPS stimulation; they were then co-cultured with astrocytes to establish an in vitro BBB model. (A) The TEER values of monolayer cells at 0, 6, 12, and 24 h were measured using a bioelectric impedance analyzer. (B) Trans-endothelial permeability assays were performed to assess the in vitro BBB integrity by using the diffusion of 10 kDa FITC-dextran method. The relative permeability coefficient was determined after Transwell experiments were conducted. (C) Cell viability was analyzed using the CCK-8 assay. (D) Representative images of Annexin V/PI double staining, and (E) measurements of apoptosis. (F) The levels of Maf1, Claudin-5, Occludin, ZO-1, Bax, Bcl-2, and GSDMD were determined by western blotting. GAPDH served as a loading control. (G) Cell-free conditioned culture medium was collected and analyzed by ELISA for IL-1β and IL-18 levels. (H) Western blot analyses of pro-inflammatory cytokine (ASC, Caspas-1, IL-1β, andIL-18) and NLRP3expression levels. Results are expressed as the mean value ± SD of data obtained from three separate experiments. ***p< 0.001, compared with Control; ##p < 0.01, compared with LPS + NC.



Neuroinflammation is a common feature of SAE and is partly driven by inflammasome formation and the subsequent release of other pro-inflammatory factors (30, 31). We found that the levels of IL-1β and IL-18 in co-cultured BMECs were increased by LPS stimulation and decreased by Maf1 overexpression, and Maf1 knockdown further increased the levels of IL-1β and IL-18 induced by LPS (Figures 1G, H and Supplementary Figure 1B, p < 0.001). Moreover, our Western blot studies showed that the degree of NLRP3 inflammasome activation induced by LPS could be attenuated by transfection with Maf1, but was further enhanced by Maf1 knockdown (Figures 1G, H and Supplementary Figure 1B, p < 0.001). These data showed that Maf1 modulated inflammation in BMECs.



Maf1 Suppressed Inflammation in the LPS-Induced In Vitro BBB Model by Inactivating NLRP3 Inflammasomes

To further understand the role played by Maf1 in regulating the BBB, we investigated whether the modulation of BBB integrity, apoptosis, and inflammation by Maf1 depended on the activation of NLRP3. We found that overexpression of NLRP3 reversed the protective effect of Maf1 on BBB disruption (Figures 2A, B, p < 0.01). The ability of Maf1 to regulate cell proliferation, apoptosis, and inflammation was repressed by NLRP3 (Figures 2C–E and Supplementary Figure 2A, p < 0.05 and p < 0.01). Notably, the levels of tight junction-related proteins (Occludin, Claudin-5, and ZO-1) were decreased, the levels of pro-apoptotic protein (Bax) and pyroptosis protein GSDMD were increased, the levels of anti-apoptotic protein Bcl-2 were decreased, and the levels of inflammatory cytokines, IL-1β and IL-18 were increased in LPS-treated cells after co-expression of Maf1 and NLRP3 (Figures 2F, G and Supplementary Figure 2B, p < 0.01). These results showed that Maf1 protects against BBB disruption by inactivating NLRP3.




Figure 2 | Maf1 suppressed inflammation in the LPS-induced in vitro BBB model through inactivation of the NLRP3 inflammasome. BMECs were transfected with the control vector (NC), Maf1 or a combination of Maf1and NLRP3, followed by LPS stimulation. The BMECs were then co-cultured with astrocytes to establish an in vitro BBB model. (A) The TEER values of monolayer cells at 0, 6, 12, and 24 h were measured using a bioelectric impedance analyzer. (B) Trans-endothelial permeability assays were performed to assess in vitro BBB integrity by using the diffusion of 10 kDa FITC-dextran method. The relative permeability coefficient was determined after the Transwell experiment. (C) Cell viability was analyzed using the CCK-8 assay. (D) Quantification of cell apoptosis. (E) Western blot results for the levels of Claudin-5, Occludin, ZO-1, Bax, Bcl-2, and GSDMD. (F) The cell-free conditioned culture medium was collected and analyzed IL-1β and IL-18 levels via ELISA (G) Western blot analyses for pro-inflammatory cytokine (ASC, Caspase-1, IL-1β, and IL-18) and NLRP3 expression levels. Results are expressed as the mean value ± SD of data obtained from three separate experiments. ***p < 0.001, compared with Control; #p < 0.05, ##p < 0.01 and ###p < 0.001, compared with LPS + NC; $p < 0.05 and $$p < 0.01 compared with LPS + Maf-1.





Overexpression of p65 Reversed the Effects of Maf1 on In Vitro BBB Integrity, Cell Viability, and Apoptosis in Response to LPS

Inflammasome formation depends on the interaction of the NF-κB p65 protein with NLRP3 under conditions of stress, which includes BBB disruption. Based on this, we next examined how Maf1 might play a role in regulating NF-κB-induced NLRP3 inflammasome formation. As shown in Figure 3A, the levels of Maf1 and p65 expression in the cytoplasm and nucleus were up-regulated after LPS stimulation. Maf1 overexpression promoted the entry of Maf1 into the nucleus, while Maf1 silencing had the opposite effect. Immunofluorescence assays were conducted to confirm the expression and location of Maf1, p65, and NLRP3. As depicted in Figure 3B, Maf1 and p65 were co-located in the nucleus, and the level of p65 expression did not obviously change under conditions of either Maf1 overexpression or knockdown. Maf1 and NLRP3 were also co-localized in the nucleus, and NLRP3 expression was significantly downregulated when Maf1 was overexpressed (Figure 3C).




Figure 3 | Overexpression of p65 reversed the effects of Maf1 on in vitro BBB integrity, cell viability, and apoptosis in response to LPS. Cells were treated as shown in Figure 1. (A) The cytoplasm and nucleus were separated. Western blot analyses of Maf1 and p65 expression in the cytoplasm and nucleus. (B) The co-location and expression levels of Maf1 and NLRP3 were determined by immunofluorescence assays. (C) Immunofluorescence staining of Maf1 and p65 is shown. BMECs were transfected with the control vector (NC), Maf1, or a combination of Maf1and p65, followed by LPS stimulation. The BMECs were then co-cultured with astrocytes to establish an in vitro BBB model. (D) The TEER of values of monolayer cells at 0, 6, 12, and 24 h were measured using a bioelectric impedance analyzer. (E) Trans-endothelial permeability assays were performed to assess in vitro BBB integrity by using the diffusion of 10 kDa FITC-dextran method. The relative permeability coefficient was determined after the Transwell experiment. (F) Cell viability was analyzed using the CCK-8 assay. (G) Quantification of cell apoptosis. (H) Western blot results for the levels of Claudin-5, Occludin, ZO-1, Bax, Bcl-2, and GSDMD. (I) The cell-free conditioned culture medium was collected and analyzed for IL-1β and IL-18 levels via ELISA (J) Western blot analyses of pro-inflammatory cytokine (ASC, Caspase-1, IL-1β andIL-18) and NLRP3 expression levels. Data are expressed as the mean value ± SD of data obtained from three separate experiments. ***p < 0.001, compared with Control; ###p < 0.001, compared with LPS + NC; $p < 0.05, $$p < 0.01 and $$$p < 0.05 compared with LPS+Maf-1.



Next, we overexpressed both Maf1 and p65 in the in vitro BBB model (Supplementary Figure 3A). As shown in Figure 3D, the numbers of endothelial cell tight junctions disrupted by LPS stimulation were significantly reduced when Maf1 overexpressed (p < 0.001). However, overexpression of p65 reversed this protective effect of Maf1 (p < 0.01). Similarly, the effects of Maf1 overexpression on monolayer permeability, cell viability, and apoptosis after LPS stimulation were repressed by p65 overexpression (Figures 3E–H and Supplementary Figure 3B). We also examined the numbers of tight junctions and expression of inflammatory cytokines, and found that p65 overexpression attenuated the protective effects of Maf1 (Figures 3H–J and Supplementary Figure 3C). More importantly, we found that NLRP3 expression was regulated by Maf1 and p65 (Figure 3J). These results suggest that Maf1 and p65 co-regulate NLRP3 inflammasome activation.



Maf1 and p65 Directly Binding to the NLRP3 Promoter

To further explore the mechanism by which Maf1 and p65 regulate NLRP3, we performed luciferase reporter, ChIP, and EMSA assays to determine whether Maf1 could directly bind to the putative promoter region of NLRP3. The mutant binding site of the NLPR3 promoter is shown in Figure 4A. We found that relative luciferase activity was significantly decreased when using the wild-type NLRP3 promoter, while no obvious difference was found when using the mutant NLRP3 promoter (Figure 4B, p < 0.01). Furthermore, results of ChIP and EMSA assays showed that Maf1 was directly bound to NLRP3 promoter (Figures 4C, D). Moreover, we also found that p65 could directly bind to the putative binding region of the NLRP3 promoter (Figures 4E–G).




Figure 4 | Maf1 and p65 directly bound to the NLRP3 promoter. (A) The mutant binding site of the NLPR3promoter. (B, E) HEK293T cells were co-transfected with pcDNA4.0 or pcDNA4.0-Maf1/pcDNA4.0-p65 vectors and pGL-NLRP3-WT orpGL-NLRP3-MUT vectors, and the relative luciferase activities are shown. (C, F) ChIP assays were performed to determine the binding of Maf1 and p65 to the NLRP3 promoter in BMECs in vitro. (D, G) EMSA assays were performed to detect the direct binding of Maf1 and p65 to the NLRP3 promoter in BMECs in vitro. (H–K) ChIP assays were performed to explore howMaf-1 or p65 regulated the NLRP3 promoter in BMECs. Total chromatin from cell culture as the input, and normal rabbit IgG served as the negative control antibody. Results are expressed as the mean value ± SD of data obtained from three separate experiments, **p < 0.01, compared with NC.



Our data showed that the interaction between Maf1 and NLRP3 was enhanced by Maf1 overexpression (Figure 4H, p < 0.01), whereas the interaction between p65 and NLRP3 was attenuated by Maf1 overexpression (Figure 4I, p < 0.01). Conversely, the interaction between Maf1 and NLRP3 in BMECs was impaired, while the interaction between p65 and NLRP3 was strengthened under conditions of p65 overexpression (Figures 4J, K, p < 0.01). These data indicate that Maf1 and p65 play opposite roles in regulating NLRP3 expression by competitively binding to the NLRP3 promoter region in the in vivo model of LPS-induced BBB disruption.



Overexpression of NLRP3 Reverses the Effects of p65 on In Vitro BBB Integrity, Apoptosis and Inflammasome in Response to LPS

NLRP3 inflammasome activation is a two-step process involving the presence of inflammatory factors (e.g., LPS) as a first signal to activate NF-κB; this is followed by an increase in NLRP3 expression (19, 32). To clarify the role of NF-κB in NLRP3 expression in LPS-induced inflammation, we inhibited p65 expression in cells treated with LPS. The levels of p65 protein were significantly decreased in cells that have been transfected with shp65 plasmids (Supplementary Figure 4A). As shown in Figures 5A, B, inhibition of p65 significantly reduced BBB disruption, while overexpression of NLRP3 reversed that effect (p < 0.001). Additionally, we found that cell proliferation, apoptosis, and tight junction formation were also regulated by NLRP3 (Figures 5C–E and Supplementary Figure 4B), and inflammatory cytokine levels were modulated by NLRP3 and p65 (Figures 5F, G and Supplementary Figure 4C). Our data showed that p65 NF-κB induced NLRP3 activation by interacting with NLRP3.




Figure 5 | Overexpression of NLRP3 reversed the effects of p65 on in vitro BBB integrity, apoptosis, and inflammation in response to LPS. BMECs were transfected with the control vector (NC), NLRP3 or a combination of shp65 and NLRP3, followed by LPS stimulation. The BMECs were then co-cultured with astrocytes to establish an in vitro BBB model. (A) The TEER values of monolayer cells at 0, 6, 12, and 24 h were measured using a bioelectric impedance analyzer. (B) Trans-endothelial permeability assays were performed to assess in vitro BBB integrity by using the diffusion of 10 kDa FITC-dextran method. The relative permeability coefficient was determined after the Transwell experiment. (C) Cell viability was analyzed using the CCK-8 assay. (D) Quantification of cell apoptosis. (E) Western blot results for the levels of Claudin-5, Occludin, ZO-1, Bax, Bcl-2, and GSDMD. (F) The cell-free conditioned culture medium was collected and analyzed for IL-1β and IL-18 levels via ELISA. (G) Western blot analysis of pro-inflammatory cytokine (ASC, caspase-1, IL-1β, andIL-18) levels. Results are expressed as the mean value ± SD of data obtained from three separate experiments. ***p < 0.001, compared with Control; ###p < 0.001, compared with LPS+NC; $$p < 0.01 and $$$p < 0.001 compared with LPS + shp65.





Maf1 Improved Cognitive Impairment and In Vivo BBB Integrity

To investigate whether Maf1 could exert its protective effects in vivo, we constructed a SAE rat model. Our data showed that the escape latency time was significantly prolonged in the SAE group, but the prolongation was reduced by carotid injection of Maf1 (Figure 6A, p < 0.05). MWM tests showed that rats in the SAE group traveled longer search routes than rats in the Sham group. However, rats in the SAE + Maf1 group showed a tendency to seek the platform in a direct manner when compared to rats in the SAE group (Figure 6B). Carotid injection of Maf1 also markedly decreased the distance that rats had to travel when comparing to rats in the SAE group (Figure 6C, p < 0.05). In addition to behavioral changes, BBB permeability, as indicated by higher levels of Evan’s blue dye in the brain tissues or absorption values at OD620 was increased in the SAE group, but was weakened following carotid injection of Maf1 (Figures 6D, E). The brain weights in all of the treatment groups remained unchanged (Figure 6F). The expression of pro-apoptotic Bax was up-regulated, and expression of anti-apoptotic Bcl-2 was down-regulated in the SAE group when compared with the Sham group (Figures 6G, H). However, those effects were obviously abolished by Maf1 (Figures 6G, H). At the end of the MWM test, we observed that the survival rate of rats with SAE was decreased. However, the survival rate could be increased by delivering Maf1 via carotid injection (Figure 6I). Moreover, the increased permeability of the BBB was associated with higher serum and cortex levels of S100B leakage in the SAE group, while Maf1 significantly decreased S100B expression (Figure 6J).




Figure 6 | Maf1 improved cognitive impairment and in vivo BBB integrity. (A) Analysis of the escape latency time to the platform in different groups. (B) The swim paths of mice in the MWM test. (C) The distance of crossings over the platform location in the probe trial. (D) Evan’s blue dye in the brain tissues. (E) The concentrations of Evan’s blue were measured. (F) The weights of the brains. (G) Immunofluorescence staining of Bax and Bcl-2 in brain tissues. (H) Western blot results for levels of Maf1, p65, Claudin-5, Occludin, ZO-1, Bax, Bcl-2, and NLRP3. (I) The survival rate of rats in the different groups was calculated. (J–L) Cerebral cortex tissue was collected and analyzed for S100B (J), IL-1β (K), and IL-18 (L) via ELISA. Results are expressed as the mean value ± SD of data obtained from three separate experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, compared with Sham; #, p < 0.05, ##p < 0.01 and ###p < 0.001, compared with SAE + NC.



Consistent with the in vitro results, Maf1 significantly attenuated the increases in IL-1β and IL-18 in the SAE group and enhanced tight junction protein expression (Figures 6H, K, L). These in vivo results suggest that Maf1 plays a protective role in SAE by regulating inflammation and cell apoptosis.




Discussion

In this study, we demonstrated that overexpression of Maf1 attenuated LPS-induced BBB disruption, and also reversed the downregulation of tight junction proteins. More importantly, Maf1 overexpression suppressed NLRP3 inflammasome formation and the release of pro-inflammatory proteins by directly binding the NLRP3 promoter. Furthermore, we revealed that Maf1 competitively inhibited the binding of NF-κB/p65 to the NLRP3 promoter, and that Maf1 protects against BBB disruption induced by LPS in vivo.

Maf1 can function as global repressor of Pol III-dependent transcription in response to cellular stress (33). Hyperactive Pol III plays a role in human diseases as a master inhibitor of Pol III (33). Additionally, Maf1 is highly expressed in mouse brain, where it interacts with GABAARs (34). Injection of adenoviral-Maf1 into mice was shown to significantly alleviate aortic banding-induced cardiac hypertrophy by allowing direct binding of Maf1 to ERK1/2 (35). However, the effects of Maf1 on SAE have not been reported. Here, we showed that overexpression of Maf1 impaired LPS-induced BBB disruption and inflammation by inactivating NLRP3 inflammasomes. Moreover, Maf1 attenuated the increases in cell apoptosis and tight junction disruption induced by LPS. Our current data suggest that Maf1 helps to protect against BBB disruption.

BBB is a key determinant of SAE development, and functions to protect the CNS from pathogens and toxic stress (36). BBB function depends on the integrity of microvascular endothelial cells, which are connected by tight junctions (TJs) and adherent junctions (AJs) (37). Tight junction proteins such as Claudin-5, Occludin, ZO-1 in the brain endothelium are important for maintaining BBB integrity (38). Our data showed that the levels of tight junction proteins were decreased in the BBB cell model, while overexpression of Maf1 restored those protein levels. In addition, endothelial cell apoptosis is a secondary consequence of BBB disruption, along with the induced expression of apoptotic-related proteins (39). We revealed that the increased cell apoptosis and the decreased cell proliferation induced by LPS could be restored to some extent by Maf1 overexpression, and became further aggravated after Maf1 knockdown, suggesting that Maf1 helps protect against BBB disruption partly by regulating the expression of tight junction proteins and cell apoptosis.

Inflammatory responses, and especially inflammasome activation, are critical for the development of SAE (40–42). Among the many types of inflammasomes, the NLRP3 inflammasome is the most well characterized inflammasome and consists of NLRP3, ASC and Caspase-1 (43). Once activated, ASC self assembles (44) and activates pro-Caspase-1 (45). The activated caspase-1 then induces the maturation of IL-1β and IL-18 for subsequent releases (46). A previous study showed that the NLRP3 inflammasome plays a key role in causing endothelial cell injury and BBB disruption by modulating the HMGB1 pathway (47). When using our in vitro BBB model, we found that ASC, Caspase-1, and NLRP3 expression were all induced by LPS. Furthermore, the levels of both IL-1β and IL-18 were increased by LPS stimulation. However, overexpression of Maf1 partially reversed those effects, indicating that Maf1 helps to protect against BBB disruption by inactivating NLRP3 inflammasomes. More importantly, our data showed that overexpression of NLRP3 reversed the protective effects provided by Maf1 overexpression. Similarly, the modulatory effects of Maf1 on monolayer permeability, cell proliferation, cell apoptosis, and the expression of tight junction proteins after LPS stimulation were all reduced by overexpression of NLRP3. These results further confirmed that Maf1 protects against LPS-induced BBB disruption by inactivating NLRP3 inflammasomes. Previous studies revealed that NLRP3 deficiency decreases cerebral injury by reducing infarcts and BBB damage (48). A recent study showed that inhibition of NLRP3 by MCC950 alleviated the damage to the BBB after transient middle cerebral artery occlusion (tMCAO) (49). Moreover, in vivo studies have shown that a variety of pharmacological agents can ameliorate BBB disruption by suppressing activation of the NLRP3 inflammasome (50–53). Those reports and our results suggest that inactivation of the NLRP3 inflammasome helps to reduce BBB disruption.

Inflammasomes induce apoptosis and pyroptosis via complex molecular mechanisms. Inflammation activates caspase-1 and caspase-8, which induce cell death via multiple signal transducers, including GSDMD, Bid, and Caspase-7 (54). NLRP3-mediated IL-1β production requires NF-κB activation and pro-inflammatory cytokines, suggesting that apoptosis drives NLRP3 inflammasome activation under inflammatory conditions (55). In addition, the NLRP3 inflammasome has been found to promote the maturation and secretion of pro-inflammatory cytokines and initiate pyroptosis (56). Moreover, Caspase-1 has the potential to induce pyroptosis and apoptosis, depending on expression of the pyroptosis mediator, gasdermin D (54). Here, we found that Maf1 not only reduced the expression of apoptotic proteins, but also GSDMD, which is a pyroptosis-related protein. Additionally, overexpression of NLRP3 reversed the protective effects of Maf1 on cell apoptosis and pyroptosis. Our data are the first to show that Maf1 helps to protect against BBB disruption by inhibiting NLRP3 inflammasome-induced cell apoptosis and pyrotosis.

The activation of the NLRP3 inflammasome is tightly regulated at the transcriptional and post-translational levels (57). The NLRP3 inflammasome can be activated by a variety of stimuli and multiple molecular and cellular events, including exposure to LPS (58). Several studies have indicated that both MAPK and NF-κB play important roles in cellular responses to inflammation-induced stress and NLRP3 activation (57, 59). Many microbial components or cytokines can activate NF-κB, which subsequently up-regulates NLRP3 and IL-1β (58). In gram-negative sepsis, LPS promotes the activation of NF-κB, which leads to an induction of inflammatory mediators (60). P65, a subunit of the NF-κB heterodimer, translocates into the nucleus where it induces the transcription of NLRP3 and IL-1β (61). NLRP3 becomes activated by binding NF-κB via a 1.3-kbp fragment located in the upstream transcriptional start site of the human NLRP3 gene (62). We found that Maf1 and p65 can directly bind to the promoter region of NLRP3. From a functional standpoint, knockdown of p65 repressed in vitro BBB integrity, cell apoptosis, and activation of the NLRP3 inflammasome in response to LPS stimulation; however, overexpression of NLRP3 repressed the protective effects provided by p65 knockdown. Our data suggest that p65/NF-κB induces NLRP3 activation after LPS stimulation by interacting with NLRP3. In addition, a previous study showed that an NF-κB inhibitor could significantly reduce activation of the NLRP3 inflammasome activation (63). In neurons and brain tissue exposed to in vitro and in vivo ischemic conditions, the NLRP3 inflammasome is activated by the NF-κB and MAPK signaling pathways, while inhibitors of NF-κB and MAPK reverse those effects (64). We found that knockdown p65 significantly inhibited activation of the NLRP3 inflammasome and also the degree of inflammation caused by LPS. Our data, as well as data gathered by other investigators, indicate that the NLRP3 inflammsome is modulated by the NF-κB/p65 pathway, and suppression of the NLRP3 inflammasome helps to protect against BBB disruption.

Maf1 associates with RNA polymerase III and inhibits the recruitment of RNA polymerase III to the promoter region of its target DNA (65, 66). Under stress condition, Maf1 becomes dephosphorylated and migrates into the nucleus, where it decreases gene transcription (67). Here, we showed that Maf1 and p65 expression in both the cytoplasm and nucleus were up-regulated after LPS stimulation. Although Maf1 and p65 were co-located in the nucleus, p65 expression did not obviously change when Maf1 expression was up-regulated. Interestingly, the protective effects against in vitro BBB inflammation that were induced by Maf1 overexpression were restored by p65 overexpression, suggesting that Maf1 modulates the NLRP3 inflammasome via the p65 pathway. Moreover, both Maf1 and p65 were found to directly bind to the NLRPS promoter region and regulate NLRP3 expression, we showed that Maf1 and p65 played opposite roles in regulating NLRP3 expression by competitively binding to the NLRP3 promoter, suggesting that Maf1 might act as a transcriptional regulator of NF-κB/p65/NLRP3 to prevent BBB disruption in SAE. Our data suggest that Maf1 decreases NLRP3 expression by translocating into the nucleus, becoming co-localized with p65, and subsequently downregulating NLRP3 expression. Thus, we describe a new mechanism that regulates NLRP3 during LPS-induced BBB disruption.

In conclusion, this study revealed that Maf1 protects against LPS-induced BBB disruption in both in vitro and in vivo. Mechanistically, Maf1 suppressed the NF-κB/NLRP3 inflammatory pathway by directly binding to the promoter region of NLRP3, thus reducing cell apoptosis and inflammation, and helping to protect against BBB disruption (Figure 7). Our findings reveal a new regulatory role for NLRP3 in LPS-induced BBB disruption, as it directly binds to the NLRP3 promoter and its upstream regulator, NF-κB/p65. This suggests that Maf1 helps to protect against SAE by inactivating NLRP3.




Figure 7 | Schematic diagram of the proposed molecular mechanisms. A schematic diagram depicting the molecular mechanism by which Maf1 inhibits blood–brain barrier disruption by competing with p65 to regulate NLRP3 expression. Maf1 protects the blood–brain barrier by directly targeting NLRP3 to decrease apoptosis, the secretion of pro-inflammatory cytokines, blood–brain barrier permeability, and nerve injury.
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Supplementary Figure 1, related to Figure 1 | (B, C). A summary of western blot results from three independent experiments. **, p < 0.01 and ***, p < 0.001, compared with Control; #, p < 0.05, ##, p < 0.01 and ###, p < 0.001, compared with LPS + NC.

Supplementary Figure 2, related to Figure 2 | (B, C). A summary of western blot results from three independent experiments. *, p < 0.01 and ***, p < 0.001, compared with Control; #, p<0.05 and ##, p<0.01, compared with LPS + NC; $$, p < 0.01 and $$$, p < 0.001, compared with LPS+Maf-1.

Supplementary Figure 3, related to Figure 3 | (A). Expression of p65 after forcing overexpressionof p65 in BMSCs. (B, C). A summary of western blot results from three independent experiments. ***, p < 0.001, compared with Control; #, p < 0.05 and ##, p < 0.01, compared with LPS+NC; $, p < 0.05 and $$, p < 0.01, compared with LPS+Maf-1.

Supplementary Figure 4, related to Figure 5 | (A). Expression of p65 after suppressing p65 expression in BMSCs. (B, C). A summary of western blot results from three independent experiments. **, p < 0.01 and ***, p < 0.001, compared with Control; #, p < 0.05 and ##, p < 0.01, compared with LPS + NC; $$, p < 0.01 and $$$, p < 0.001, compared with LPS + shp65.
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