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INTRODUCTION
Inflammation is a critical and rapid physiological response of our immune system to any infection or tissue injury which is associated with various diseases (Zhu and Hou, 2021). However, when the inflammatory response fails to resolve the cause of inflammation, it can be detrimental and lead to the development of many diseases (Hanke et al., 2016; Ramprasath et al., 2021). Though, currently many approved anti-inflammatory drugs are in clinical use (e.g., non-steroidal anti-inflammatory drugs; NSAIDs), (Kohler et al., 2016), the long-term use of anti-inflammatory drugs are associated with many side effects including, gastrointestinal reactions and damages to the cardiovascular system (Wongrakpanich et al., 2018). In medicinal chemistry, the discovery based on the small molecule approach has opened the door to a new way to develop novel therapeutics for people with severe inflammatory conditions. In recognition of the clinical value of this study, this subject featured fourteen original research and two review articles in the field of inflammation and small molecule study with a larger perspective to generate ideas for future scientific and clinical research.
Small molecule inhibitors targeting the NLRP3 inflammasome
NF-κB is a key activator of inflammation that primes the NLR pyrin domain 3 (NLRP3)-inflammasome for its activation (Zhong et al., 2016). In this special issue, different research groups published their work focused mainly on inflammasome. Zhao et al. investigated a compound named FxUD, which suppressed the NF-κB/NLRP3 signaling pathway and lowered the serum uric acid level to alleviate renal inflammation in hyperuricemic mice. Similarly, another compound KPT-8602, was validated for its potential to inhibit the activation of the NF-κB/NLRP3 signaling. The administration of KPT-8602 attenuated both lipopolysaccharide (LPS)-induced peripheral inflammation and 1-methyl-4-phenyl-25 1,2,3,6-tetrahydropyridine (MPTP)-induced neuroinflammation in vivo (Liu et al.). Another study tested a compound called MCL against radiation-induced enteropathy (RIE), one of the fatal complications of treatment for abdominal and pelvic tumors. In the mouse RIE model, MCL-mediated autophagy ameliorated RIE by NLRP3 inflammasome degradation (Wu et al.). An inflammasome inhibitor 3,4-methylenedioxy-β-nitrostyrene (MNS) was shown to be more efficient in inhibiting the secretion of interleukin-1β (IL-1β) by blocking oligomerization of apoptosis-associated speck-like protein (ASC) than other inhibitors NLRP3-IN-2 and JC124. In this study, Zheng et al. demonstrated using the dextran sulfate sodium (DSS)-induced colitis model that MNS alleviated DSS-induced intestinal inflammation by inhibiting NLRP3 inflammasome activation, which may function as an effective therapeutic for IBD. Lin et al. study demonstrated the efficacy of compound 149-01 in alleviating LPS-induced systemic inflammation, monosodium urate crystals (MSU)-induced peritonitis and experimental autoimmune encephalomyelitis (EAE) by preventing the interactions between NLRP3 and NEK7.
Small molecule modulators for COVID-19
Trichomicin, a novel small-molecule compound, is isolated from the fungus Trichoderma harzianum (Zhu et al., 2020). Trichomicin was explored for its inhibitory effect on cytokine expression by Chen et al. This compound could inhibit the Stat3 and NF-κB phosphorylation and showed the potential to treat the patients with cytokine release syndrome, a significant cause of COVID-19 disease severity. Vascular inflammation is one of the unusual symptoms among COVID-19 survivors. Ragavan et al. showed that histamine and histamine receptor signaling is likely to be essential for SARS-CoV-2 spike protein S1 Receptor-Binding Domain (Spike) protein to induce ACE2 internalization in endothelial cells, which causes endothelial dysfunction. This effect was blocked by treating with famotidine (a histamine H2 receptor blocker), an antiviral drug (Mukherjee et al., 2021), in cultured human coronary artery endothelial cells.
Small molecule inhibitors for inflammatory diseases
ACT-1004-1239 is a compound that showed a therapeutic effect against LPS inhalation-induced lung vascular injury in vivo. The authors provided data to show that this compound can alleviate acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome (ARDS) (Pouzol et al.). Similarly, another compound, M20 interact with the MyD88-Toll/interleukin-1 receptor domain and thereby inhibits the protein dimerization, which could serve as a potential strategy for the treatment of acute lung injury (Song et al.).
Zhou et al. demonstrated that topical application of an anti-inflammatory compound isolated from the Chinese herb Sophora alopecuroides L. suppressed epidermal proliferation, erythema and infiltration of inflammatory cells in skin lesions, thereby alleviating imiquimod (IMQ)-induced psoriasis in mice. Huang et al. showed the implication of a plant-derived compound, N-acetyldopamine dimer (NADD from Isaria cicadae), for its inhibitory effects on the expression of genes in inflammation-related signaling under in vivo settings for ulcerative colitis.
Saikosaponin D (SSD), an active ingredient isolated from Bupleurum, could activate the Nrf2/HO-1/ROS axis, further inhibiting the production of inflammatory mediators and protecting against ECM destruction. SSD delayed the progression of osteoarthritis (OA) in DMMs model mice in vivo. Therefore, the authors claim SSD could have potential for the treatment of OA (Wu et al.). A Study by Lilley et al.demonstrated the role of orphan nuclear receptor 4A2 (NR4A2/Nurr1) in an animal model of RA. The study validated the hTNF-a animal model for testing small molecules and genetic strategies for targeting NR4A2. Zhao et al. study highlighted the α2M-rich serum (α2MRS) autologous joint injection to treat post-traumatic osteoarthritis. This article provided a basis for the clinical translation of α2MRS against cartilage degeneration.
Jayusman et al. provided a comprehensive review of the studies related to effects of different polyphenolic substances on periodontal inflammation. The review also explored the pharmaceutical significance of polyphenol-loaded nanoparticles in controlling periodontitis. Focusing on the effect of Dexmedetomidine (DEX) on Immune cells, Chen et al. comprehensively reviewed the published human and animal studies related to DEX, and its role in related diseases, and discussed the potential research direction.
CONCLUSION AND FUTURE PERSPECTIVE
Small molecules offer numerous advantages compared to currently used biological therapies. Identifying small molecules with shorter half-lives helps the patients stop taking their medication quickly, which could offer better medical management. Hence, employing advanced and novel approaches in the development of small molecule therapeutics is urgently needed. We hope that the scientific knowledge provided in this special issue will encourage many researchers to address the several outstanding challenges in this field to advance scientific research on inflammatory signaling events and small molecule interactions to promote better therapeutic development.
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Loss of control in the trafficking of immune cells to the inflamed lung tissue contributes to the pathogenesis of life-threatening acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome (ARDS). Targeting CXCR7 has been proposed as a potential therapeutic approach to reduce pulmonary inflammation; however, its role and its crosstalk with the two chemokine receptors CXCR3 and CXCR4 via their shared ligands CXCL11 and CXCL12 is not yet completely understood. The present paper aimed to characterize the pathological role of the CXCR3/CXCR4/CXCR7 axis in a murine model of ALI. Lipopolysaccharide (LPS) inhalation in mice resulted in the development of key pathologic features of ALI/ARDS, including breathing dysfunctions, alteration in the alveolar capillary barrier, and lung inflammation. LPS inhalation induced immune cell infiltration into the bronchoalveolar space, including CXCR3+ and CXCR4+ cells, and enhanced the expression of the ligands of these two chemokine receptors. The first-in-class CXCR7 antagonist, ACT-1004-1239, increased levels of CXCL11 and CXCL12 in the plasma without affecting their levels in inflamed lung tissue, and consequently reduced CXCR3+ and CXCR4+ immune cell infiltrates into the bronchoalveolar space. In the early phase of lung inflammation, characterized by a massive influx of neutrophils, treatment with ACT-1004-1239 significantly reduced the LPS-induced breathing pattern alteration. Both preventive and therapeutic treatment with ACT-1004-1239 reduced lung vascular permeability and decreased inflammatory cell infiltrates. In conclusion, these results demonstrate a key pathological role of CXCR7 in ALI/ARDS and highlight the clinical potential of ACT-1004-1239 in ALI/ARDS pathogenesis.
Keywords: acute lung injury, acute respiratory distress syndrome, immunomodulation, CXCR7, CXCR3, CXCR4, CXCL11, CXCL12
INTRODUCTION
Acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome (ARDS), are life-threatening lung diseases that can be the result of different indirect or direct insults to the lung, such as sepsis, trauma, gastric acid aspiration, and pneumonia, including viral pneumonia, such as SARS-CoV-2-induced pneumonia (Wheeler and Bernard, 2007; Gibson et al., 2020). To date, the pathogenesis of these diseases is still not completely understood, and there is no disease-modifying therapy to reduce the high mortality incidence of ARDS (Bellani et al., 2016).
ALI and ARDS are characterized by increased lung vascular permeability, pulmonary edema, diffuse alveolar damage, and recruitment of inflammatory cells to the lungs resulting in clinical symptoms such as hypoxemia, dyspnea, and even severe acute respiratory failure (Ware and Matthay, 2000).
Many chemokines and their receptors, which are key mediators of immune cell trafficking, play a critical role in ALI pathogenesis and in its resolution (Bhatia et al., 2012; Tomankova et al., 2015). Following lung injury, chemokine gradients are established and tightly regulated via complex mechanisms to recruit inflammatory cells to the site of inflammation (Puneet et al., 2005).
CXCR3/CXCR4/CXCR7 and their ligands are overexpressed and heavily implicated in the pathology of a number of inflammatory diseases including pulmonary diseases (Saetta et al., 2002; Petty et al., 2007; Hartl et al., 2008; Costello et al., 2012; Ichikawa et al., 2013; Ngamsri et al., 2017; Liao et al., 2020).
CXCR7, also referred to as ACKR3, is an atypical chemokine receptor, which is mainly expressed on endothelial cells (Berahovich et al., 2014). CXCR7 does not couple with G proteins, but binding of its ligands leads to the recruitment of β-arrestin. CXCR7 functions predominantly as a scavenger receptor for its chemokine ligands CXCL11 and CXCL12 (Naumann et al., 2010), which bind to, and activate, the signaling chemokine receptors CXCR3 and CXCR4, respectively. While CXCR7 is not expressed on leukocytes (Berahovich et al., 2010), its scavenging activity in endothelial cells contributes to the establishment and maintenance of CXCL11 and CXCL12 concentration gradients along which CXCR3+ and CXCR4+ cells can migrate from the blood toward the inflamed tissue (Lewellis and Knaut, 2012; Quinn et al., 2018; Pouzol et al., 2021).
CXCR3 is a cell surface receptor expressed on subsets of adaptive and innate immune cells such as lymphocytes, natural killer (NK) cells, dendritic cells (DCs), and can be activated by three interferon-inducible chemokine ligands: CXCL9, CXCL10, and CXCL11 (Groom and Luster, 2011). CXCR3–ligand interaction results in various cellular functions including cell migration, proliferation, polarization, and tissue retention (Groom and Luster, 2011).
CXCR4 is expressed on various immune cells including lymphoid and myeloid cells, endothelial cells, and hematopoietic stem cells (Lewellis and Knaut, 2012). CXCL12–CXCR4 signaling results in pleiotropic cellular functions including cell migration, adhesion, proliferation, differentiation, and survival (Quinn et al., 2018).
Blockade of CXCR7 is expected to increase the systemic CXCL11 and CXCL12 levels and, therefore, modulate CXCR3 and CXCR4 signaling activities such as leukocyte chemotaxis and tissue retention (Berahovich et al., 2014; Pouzol et al., 2021). In line with this hypothesis, treatment with CCX771, a CXCR7 functional antagonist, which is known to increase plasma CXCL12 levels (Berahovich et al., 2014), led to reduced alveolar inflammation and lung microvascular permeability in a murine model of ALI (Konrad et al., 2017; Ngamsri et al., 2017). However, this murine model was performed in C57BL/6 mice, which do not express CXCL11 (Sierro et al., 2007). As such, the specific role of CXCR7 in ALI and its indirect effect on CXCR3 and CXCR4 via their shared ligands have not yet been evaluated in an appropriate experimental design. In addition, since so far only CCX771, which recruits β-arrestin upon binding to the receptor, has been used in the ALI model (Zabel et al., 2009), it remains unclear whether the observed efficacy is due to its agonistic activity or its functional antagonism induced by receptor desensitization (Menhaji-Klotz et al., 2020).
To elucidate the role of CXCR7 on pulmonary inflammation, an ALI/ARDS experimental model was established through inhalation of nebulized lipopolysaccharide (LPS) in DBA/1 mice, a strain susceptible to LPS-induced ALI (Alm et al., 2010) and known to express both CXCL11 and CXCL12 (Richard-Bildstein et al., 2020). Since the pathological mechanisms of LPS-induced ALI/ARDS can vary between the early and late phases of the inflammatory response (Domscheit et al., 2020), this model was characterized over time for the main features of ALI/ARDS, namely, lung dysfunction, vascular permeability, inflammatory cell recruitment, and CXCR3/CXCR4/CXCR7 chemokine ligands release. Furthermore, the mechanistic and functional roles of CXCR7 were evaluated over time using the selective and first-in-class CXCR7 antagonist ACT-1004-1239, which blocks CXCL11- and CXCL12-induced β-arrestin recruitment (Richard-Bildstein et al., 2020).
MATERIALS AND METHODS
Mice and Treatment Administration
Male DBA/1 mice were purchased from Janvier Laboratories (Le Genest-Saint-Isle, France) and allowed to acclimatize for at least 7 days before use. The gender of mice was chosen based on previous studies showing that ARDS occurs more commonly in males than in females (Lemos-Filho et al., 2013). Mice had free access to food and drinking water ad libitum and were group housed in a light-controlled environment.
The CXCR7 antagonist ACT-1004-1239 was synthetized as previously described (Richard-Bildstein et al., 2020). The compound was formulated in 0.5% methylcellulose (Sigma-Aldrich, Schnelldorf, Germany) and 0.5% Tween 80 (Sigma-Aldrich) in water. ACT-1004-1239 and vehicle (0.5% methylcellulose, 0.5% Tween 80 in water) were administered orally (p.o.), twice a day (b.i.d.) at a volume of 5 ml/kg/administration (10 ml/kg/day) at doses and times indicated in the figure legends. The twice-daily oral administration regimen was based on the pharmacokinetic properties of this compound, which has been shown to be a high-clearance drug in rodents (Richard-Bildstein et al., 2020).
Murine Model of Lipopolysaccharide-Induced Acute Lung Injury
LPS challenge was performed as previously described (de Souza Xavier Costa et al., 2017). Briefly, mice were exposed to nebulized LPS (Escherichia coli O111:B4, purified by phenol extraction; Sigma-Aldrich) at 0.8 mg/ml diluted in NaCl 0.9% (B Braun Medical, Sempach, Switzerland) in a plexiglas chamber connected to a nebulizer (System Assistance Medicale, Ledat, France) for 30 min. Control mice inhaled NaCl 0.9% only. Vehicle or ACT-1004-1239 was given p.o., 1 h prior (preventive setting) or 3 h post inhalation (therapeutic setting).
At different time points indicated in the figure legends (5, 24, 48, 72 h) following LPS or NaCl challenge, mice were euthanized with an overdose (150 mg/kg, intraperitoneally) of pentobarbital (Esconarkon, Streuli Pharma SA, Uznach, Switzerland), and samples were collected.
In Vivo Lung Function
Lung function was measured in unrestrained, conscious, and spontaneously breathing mice by whole‐body plethysmography (Emka Technologies, Paris, France) as previously described (Piali et al., 2017). Briefly, each mouse was placed alone in a calibrated plethysmography chamber, and lung function parameters were recorded for 1 h for baseline assessment. Right after the baseline, ACT-1004-1239 or vehicle was given orally 1 h prior to nebulized LPS or NaCl inhalation. Respiration parameters were measured for 6 h just after the challenge in the plethysmograph. Enhanced pause, Penh, [(Te/RT)‐1)*PEF/PIF, where Te is the expiratory time, RT is the relaxation time, PEF is the peak expiratory flow, and PIF is the peak inspiratory flow) was used as an index of alterations in respiration (Hamelmann et al., 1997; Prada-Dacasa et al., 2020). Data were analyzed using the IOX2 software (Emka) and expressed as area under the curve (AUC), recorded for 30 min and averaged at 5-min intervals. The time indicated in the figure refers to the starting time of the analyzed period (e.g., 60 min refers to the AUC calculated for the 60- to 90-min time interval). The mean Penh AUC baseline measurement was set to 100% for each mouse, and calculated Penh AUC data were expressed as percentage of this mean baseline measurement.
Bronchoalveolar Lavage Collection
BAL fluid was collected at different time points indicated in the figure legends following LPS or NaCl challenge. BAL was performed by injection of a total volume of 2.25 ml of phosphate-buffered saline (PBS, Bioconcept, Allschwil, Switzerland) supplemented with EDTA (0.5 mM, Gibco, Thermo Fisher Scientific, Waltham, MA, United States) through the mouse incised trachea. After centrifugation, BAL supernatant was collected and kept at −20°C until use. BAL cells were analyzed by flow cytometry.
Flow Cytometry of the Bronchoalveolar Lavage Cells
BAL cells were stained with the following surface fluorochrome-conjugated monoclonal anti-mouse antibodies: APC-Cy7 anti-mouse CD19 (Clone 6D5; BioLegend, San Diego, CA, United States), APC anti-mouse CXCR3 (Clone CXCR3-173; BioLegend), BV510 anti-mouse CD11b (Clone M1/70; BioLegend), BV605 anti-mouse CD4 (Clone GK1.5; BioLegend), FITC anti-mouse B220 (Clone Ra3-6B2; BD), PB anti-mouse CD45 (Clone 30-F11; BioLegend), PECy7 anti-mouse βTCR (Clone H57-597; BioLegend), PE anti-mouse CXCR4 (Clone 2B11; Invitrogen, Thermo Fisher Scientific), BV650 anti-mouse CD8 (Clone 53-6.7; BioLegend), APC-Cy7 anti-mouse Gr-1 (Clone RB6-8C5; BioLegend), AF700 anti-mouse CD3 (Clone 17A2; BioLegend), FITC anti-mouse CD49b (Clone DX5; BioLegend), BV-605 anti-mouse B220 (Clone RA3-6B2; BioLegend), and PECy7 anti-mouse CD11c (Clone N418; BioLegend). Staining was performed on ice, in the dark, during 45 min after preincubation with Fc receptor blocker (CD16/CD32; BD Biosciences). Dead cells were excluded based on their positive staining with propidium iodide (PI; CAS 25535-16-4; Sigma-Aldrich). Samples were acquired on a CytoFLEX Flow cytometer (Beckman Coulter Life Sciences, Nyon, Switzerland), and data were analyzed using the Kaluza analysis software version 2.1 (Beckman Coulter). Cells were first gated in forward scatter versus side scatter, and doublets were excluded based on forward scatter area–height. From the single cells, dead cells were excluded based on their positive staining with PI. Cell subsets were quantified among viable/CD45+ cells (PI−, CD45+ cells): neutrophils (CD11b+, Gr-1high cells), monocytes/macrophages (CD11b+, Gr-1low cells), alveolar macrophages (CD11bint, SSChigh), B cells (CD11b−, Gr-1−, CD49−, CD3−, B220+ cells), plasmacytoid dendritic cells (pDCs) (CD11b−, Gr-1int, B220+, CD11c+ cells), T cells (CD11b−, B220−, CD49b−, CD3+ cells), natural killer (NK) cells (CD11b−, CD3−, CD49b+), and dendritic cells (DCs) (CD11b−, B220−, CD49b−, CD3−, CD11c+ cells). The CXCR4+ and CXCR3+ leukocytes were identified based on the fluorescence minus one control for CXCR4 and CXCR3, respectively. The gating strategies are illustrated in Supplementary Figures S1, S3.
CXCL12 and CXCL11 Measurement
Whole blood was collected in EDTA-coated tubes (BD Microtainer, Becton Dickinson, Franklin Lakes, NJ, United States) and centrifuged to prepare plasma. After blood and BAL collection, mice were transcardially perfused with PBS/EDTA. Lungs were collected as a whole and kept at −20°C until use. Frozen mouse lungs were homogenized (FastPrep, MP Biomedicals, Illkirch, France) in RIPA buffer supplemented with 1% protease inhibitor (Sigma-Aldrich, P8340) and phosphatase inhibitor (PhosSTOP Tablets, Sigma-Aldrich). Plasma samples and lung homogenates were assayed for CXCL12 concentration using the mouse CXCL12/SDF1α Quantikine ELISA (catalog no. MCX120; R&D Systems, Minneapolis, MN, United States) according to the instruction of the manufacturer. The method was monitored using quality control samples provided in the assay kit. Mouse CXCL12 levels in BAL supernatant were determined using a commercially available electrochemiluminescence sandwich immunoassay (K152VBK-1; U-plex mouse CXCL12; Meso Scale Discovery). Recombinant human CXCL12 standard DuoSet kit (DY350; RnD Systems) was used for the standard curve. The assay was performed according to the instruction for use.
Mouse CXCL11 was quantified using an ultrasensitive immunoassay built on the Single Molecule Counting (SMC™) technology (Erenna® Immunoassay System, Merck Millipore, Billerica, MA, United States). Paramagnetic microparticles (beads) coated with anti-mouse CXCL11 monoclonal antibody (MAB572; R&D Systems) was used as the capturing antibody. Recombinant murine CXCL11 (250-29; Peprotech, Cranbury, NJ, United States) was used as a standard, and Fluor-labeled anti-mouse CXCL11 polyclonal antibody (AF572; R&D Systems) was used as the detection antibody. The number of fluorescently labeled detection antibodies counted with the Erenna® System is directly proportional to the amount of mouse CXCL11 present in the EDTA Plasma.
CXCL9 and CXCL10 Measurement
Concentrations of the chemokines CXCL9 and CXCL10 in BAL supernatant were measured using a commercial mouse cytokine magnetic bead multiplex immunoassay kit (#MCYTOMAG-70K, Merck Millipore) according to the instruction of the manufacturer. Samples were acquired on a Luminex 200 instrument system (Thermo Fischer Scientific), and data were analyzed using SoftMaxPro software (Molecular Device, San Jose, CA, USA).
Bronchoalveolar Lavage Supernatant Proteins
Protein concentrations in the BAL supernatant were determined using the BCA Protein assay kit (Pierce #23225, Thermo Fisher Scientific) according to the instruction of the manufacturer.
Statistical Analysis
All data were expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using Prism version 8.1.1 (GraphPad software, San Diego, CA, United States) using the tests specified in the figure legends. Briefly, data were evaluated using two-tailed unpaired Student t-test, one-way or two-ways analysis of variance (ANOVA) with a post-hoc multiple comparison tests as appropriate. Differences were considered significant at p values <0.05.
RESULTS
Lipopolysaccharide-Induced Acute Lung Injury/Acute Respiratory Distress Syndrome Model in DBA/1 Mice
Characterization of the consequences of LPS inhalation in DBA/1 mice was conducted to confirm in this experimental animal model (Matute-Bello et al., 2008) the presence of key features defining human ALI/ARDS, namely, breathing dysfunction, increased alveolar capillary barrier permeability, and immune cell infiltrates into the airspaces and the lung tissue.
Whole-body plethysmography on conscious, unrestrained mice was performed to monitor the physiological lung dysfunction caused by LPS. Inhalation of nebulized LPS caused a significant increase in enhanced pause (Penh), an index used as a marker of breathing pattern alteration (Hamelmann et al., 1997; Prada-Dacasa et al., 2020), compared with control mice receiving NaCl nebulization (Figure 1A). The increase in Penh peaked between 1.5 and 2 h after LPS challenge and remained elevated throughout the 6-h evaluation period.
[image: Figure 1]FIGURE 1 | Characterization of the lipopolysaccharide (LPS)-induced acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) model in male DBA/1 mice. LPS inhalation was associated with a significant breathing pattern alteration (A), an increase in alveolar–capillary barrier permeability (B), and increased immune cell infiltrates in the bronchoalveolar space (C, D) compared with NaCl-exposed mice (control mice). (A) Breathing pattern alteration was measured by the change in the calculated enhanced pause (Penh) using whole-body plethysmography in conscious unrestrained mice over a period of 6 h following LPS (black triangles) or NaCl inhalation (white circles). Results are expressed as the mean percentage Penh area under the curve (AUC) normalized to the baseline ± SEM (n = 16 mice per group). ****p < 0.0001 paired Student t-test. (B) Alveolar–capillary barrier permeability was assessed by measuring the total protein concentration in the bronchoalveolar lavage (BAL) supernatant at 5, 24, 48, and 72 h after LPS challenge (black bars, n = 7–16 mice per time point) or NaCl challenge (control mice, white bar, n = 20; all time points were pooled). Results are expressed as mean ± SEM. *p < 0.05, ****p < 0.0001 paired Student t-test. (C) Time course of CD45+ immune cells in the BAL measured by flow cytometry in samples collected at 5, 24, 48, and 72 h after LPS challenge (black bars, n = 7–16 mice per time point) or NaCl challenge (control mice, white bar, n = 20; all time points were pooled). Results are expressed as mean ± SEM. ***p < 0.001, ****p < 0.0001 paired Student t-test. (D) Frequencies of BAL immune cell populations over time. Results are expressed as proportions among total CD45+ cells for each time point.
To assess the effect of LPS on alveolar capillary barrier permeability, total protein concentration was measured in the BAL supernatant up to 72 h after LPS challenge. Total BAL protein concentration was significantly increased from 24 h up to 72 h after LPS challenge, compared with control mice (Figure 1B). To determine the effect of LPS on inflammatory cell recruitment to the alveolar space, BAL immune cell phenotyping was performed using flow cytometry. LPS inhalation led to a time-dependent infiltration of CD45+ immune cells into the BAL compared with control mice, peaking 24 h after LPS challenge (Figure 1C and Supplementary Figure S1). In control mice, the main BAL immune cell population was represented by tissue resident alveolar macrophages (Figure 1D and Supplementary Figure S1). In contrast, in LPS-exposed mice, 5 h after LPS challenge, neutrophils represented the majority of BAL immune infiltrates (Figure 1D). This early massive influx of neutrophils peaked 24 h after the LPS challenge before strongly decreasing 48 and 72 h post-LPS challenge (Table 1). Other BAL immune cells such as NK cells, B cells, pDCs, and classical CD11b− DCs also peaked 24 h after LPS challenge (Table 1) but altogether represented less than 9% of the overall BAL population at any given time point (Figure 1D). In contrast, infiltration of inflammatory macrophages and T cells peaked later, at 48 h after LPS challenge (Table 1), and together represented more than 20% of the BAL immune cells (Figure 1D). At 72 h post-LPS challenge, BAL immune cell numbers were still significantly increased compared with control mice (Figure 1C and Table 1). Infiltration of neutrophils was also confirmed in the lung tissue by histology, 24 h after LPS challenge (Supplementary Figure S2).
TABLE 1 | Time course of immune cells present in the bronchoalveolar lavage (BAL) following LPS or NaCl challenge in DBA/1 mice.
[image: Table 1]Taken together, these results demonstrate that inhalation of nebulized LPS in DBA/1 mice induced an acute and time-dependent increase in breathing dysfunction, vascular permeability, and infiltration of immune cells into the alveolar space and the lung tissue, and confirm this model as suitable to evaluate these pathogenic features of human ALI/ARDS in DBA/1 mice.
The Increase of CXCR3 and CXCR4 Ligands in the Bronchoalveolar Lavage is Associated With an Increase of CXCR3+ and CXCR4+ Bronchoalveolar Lavage Immune Cell Infiltrates
To confirm that in this strain of mice both the CXCR3/CXCL9/10/11 and CXCR4/CXCL12 axes played a role in the recruitment of immune infiltrates into the BAL, the expression of CXCR3 and CXCR4 on infiltrating immune cells and the release of their ligands were characterized in the alveolar space following LPS challenge.
In the BAL supernatant, LPS challenge led to a significant increase in the three CXCR3 ligands CXCL9, CXCL10, and CXCL11, compared with control mice (Figure 2A), reaching the highest increase 24 h post-LPS challenge. Seventy-two hours after LPS challenge, CXCL11 returned to control levels, while CXCL9 and CXCL10 were still significantly elevated compared with control mice (Figure 2A). CXCR3 expression was mainly detected on CD11b− BAL lymphoid cells compared with CD11b+ BAL myeloid cells; in the latter population, CXCR3 was only detected at low levels 48 and 72 h post LPS challenge (Figures 2B, C and Supplementary Figure S3). Interestingly, the expression of CXCR3 (Figure 2C) and proportion of CXCR3+ BAL lymphoid and myeloid cells (Figure 2D) increased over time following LPS nebulization. At 72 h post LPS challenge, almost 60% of BAL lymphoid cells expressed CXCR3 (Figure 2D); in absolute counts, CXCR3+ BAL lymphoid cells were only slightly reduced compared with earlier time points but were still significantly increased compared with control mice (Figure 2E).
[image: Figure 2]FIGURE 2 | Kinetics of the expression of CXCR3/CXCR4 and its ligands in the BAL of LPS-challenged DBA/1 mice. ALI was induced by nebulized LPS inhalation in male DBA/1 mice. Control mice inhaled NaCl 0.9% (n = 12 mice; all time points were pooled). (A) LPS inhalation increased protein concentrations of the CXCR3 ligands CXCL9, CXCL10, and CXCL11, measured in the BAL 5, 24, 48, and 72 h following LPS challenge, compared with control mice. Results are expressed as mean ± SEM (n = 8 mice per time point). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus control mice using Student t-test. (B) Representative gating strategy for CXCR3+ myeloid and lymphoid cells. (C) CXCR3 expression on BAL lymphoid and myeloid-infiltrating cells. Results are expressed as mean ± SEM of the mean fluorescence intensity (MFI) of CXCR3 obtained for each LPS-challenged mouse (n = 7–8 mice per time point) corrected by the MFI obtained in the fluorescence minus one (FMO) controls for CXCR3. Negative MFI values were set to 0. The complete gating strategy for lymphoid and myeloid cells is illustrated in Supplementary Figure S3. (D) Proportion of CXCR3+ lymphoid and myeloid cells expressed as percentages (mean ± SEM) of the CD45+CD11b− and CD45+CD11b+ parent population, respectively, in the BAL (see gating strategy in Supplementary Figure S3) (n = 7–8 mice per time point). (E) Time course of BAL CXCR3+ lymphoid and myeloid cell infiltrates. Results are expressed as absolute counts in the BAL (mean ± SEM). **p < 0.01, ***p < 0.001, ****p < 0.0001 using Student t-test versus control mice. (F) LPS inhalation increased protein concentrations of the CXCR4 ligand CXCL12, measured in the BAL 5, 24, 48, and 72 h following LPS nebulization compared with control mice. Results are expressed as mean ± SEM (n = 7–8 mice per time point). **p < 0.01, ****p < 0.0001 versus control mice using Student t-test. (G) Representative gating strategy for CXCR4+ myeloid and lymphoid cells. (H) CXCR4 expression on BAL lymphoid and myeloid-infiltrating cells. Results are expressed as mean ± SEM of the MFI of CXCR4 obtained for each LPS-challenged mouse (n = 7–8 mice per time point) corrected by the MFI obtained in the FMO controls for CXCR4. Negative MFI values were set to 0. The gating strategy for lymphoid and myeloid cells is illustrated in Supplementary Figure S3. (I) Proportion of CXCR4+ lymphoid and myeloid cells expressed as percentages (mean ± SEM) of the CD45+CD11b− and CD45+CD11b+ parent population, respectively, in the BAL (see gating strategy in Supplementary Figure S3) (n = 7–8 mice per time point). (H) Time course of BAL CXCR4+ lymphoid and myeloid cell infiltrates. Results are expressed as absolute counts in the BAL (mean ± SEM) (n = 7–8 mice per time point). **p < 0.01, ***p < 0.001, ****p < 0.0001 using Student t-test versus control mice.
LPS inhalation also led to a significant increase in BAL CXCL12 levels compared with control mice, which peaked at 24 h and returned to control levels 72 h post-LPS challenge (Figure 2F). In the BAL from LPS-challenged mice, CXCR4 expression was detected on the cell surface of most infiltrating leukocytes, with the highest surface expression detected on myeloid cells (Figure 2G and Supplementary Figure S3). While the expression of CXCR4 on lymphoid cells and the proportion of CXCR4+ BAL lymphoid infiltrates remained stable following LPS nebulization, the expression of CXCR4 on myeloid cells and the proportion of CXCR4+ BAL myeloid infiltrates increased over time, reaching over 80% at the last time point investigated (Figures 2H, I). In absolute counts, the highest number of CXCR4+ BAL myeloid cells was reached 24 h post-LPS challenge but still remained significantly elevated 72 h post-LPS challenge, compared with control mice (Figure 2J).
In conclusion, LPS challenge of DBA/1 mice resulted in a significant increase in CXCR3/CXCR4 ligand levels, including the CXCR7 ligands CXCL11 and CXCL12, in the BAL supernatant. This increase was associated with a significant increase in predominantly CXCR3+ lymphoid and CXCR4+ myeloid cells in the BAL.
CXCR7 Antagonism Increases Plasma CXCL11 and CXCL12 Levels and is Associated With a Reduction in CXCR3+ and CXCR4+ Bronchoalveolar Lavage Immune Cell Infiltrates After Lipopolysaccharide Challenge
The scavenging activity of CXCR7 expressed on endothelial cells has been proposed to generate CXCL11 and CXCL12 chemokine gradients, thus, enabling a directional migration of CXCR3+ and CXCR4+ cells, respectively, from the circulation toward sites of inflammation (Berahovich et al., 2014; Tobia et al., 2019; Pouzol et al., 2021). To evaluate this hypothesis, the impact of CXCR7 antagonism on plasma and lung tissue CXCL11 and CXCL12 levels and BAL immune cell infiltrates was investigated in the ALI/ARDS DBA/1 mouse model following treatment with ACT-1004-1239.
CXCR7 antagonism further increased the LPS-induced elevation of CXCL11 plasma levels at all time points investigated compared with vehicle-treated, LPS-challenged mice (Figure 3A), confirming the proposed scavenging activity of CXCR7. In contrast, in the lung tissue, treatment with ACT-1004-1239 did not further increase CXCL11 concentrations but rather tended to normalize CXCL11 levels from LPS-challenged mice throughout the study period (Figure 3B). In the BAL from LPS-challenged mice, treatment with ACT-1004-1239 significantly reduced LPS-induced CXCR3+ lymphoid cell recruitment (Figure 3C) and showed a trend to decrease the late recruitment of the few CXCR3+ myeloid cells induced by LPS, although this did not reach statistical significance (Figure 3D).
[image: Figure 3]FIGURE 3 | Antagonism of CXCR7 increases plasma CXCL11 and CXCL12 levels and decreases CXCR3+ and CXCR4+ BAL infiltrates post LPS challenge. ALI was induced by nebulized LPS inhalation, and DBA/1 mice were treated with vehicle (LPS-vehicle, black bars) or ACT-1004-1239 (LPS-ACT-1004-1239, 100 mg/kg, red bars) orally, twice daily, 1 h prior to LPS challenge. Control mice received vehicle 1 h prior to NaCl 0.9% inhalation (NaCl-vehicle, white bars; n = 12 mice, pool of all time points). Protein concentrations of CXCL11 and CXCL12 in the plasma and lung tissue and BAL flow cytometry of immune infiltrates were performed 24, 48, and 72 h after challenge (n = 6–8 mice per time point). Time course of CXCL11 protein concentration in the plasma (A) and lung tissue (B). Chemokine concentrations are expressed in pg/ml (plasma) or pg/lung homogenate (mean ± SEM). **p < 0.01, ***p < 0.001 versus LPS-vehicle-treated animals or #p < 0.05, ###p < 0.001 versus NaCl-vehicle-treated control mice using Student t-tests. Time course of BAL CXCR3+ lymphoid (C) and myeloid (D) infiltrates. Results are expressed as absolute cell counts in the BAL (mean ± SEM). *p < 0.05, ****p < 0.0001 versus LPS-vehicle-treated animals or ###p < 0.001, ####p < 0.0001 versus NaCl-vehicle-treated control mice using Student t-tests. Time course of CXCL12 concentration in the plasma (E) and lung tissue (F). Chemokine concentrations are expressed in ng/ml (plasma) or ng/lung homogenate (mean ± SEM). ****p < 0.0001 versus LPS-vehicle-treated animals or #p < 0.05, ###p < 0.001 versus NaCl-vehicle-treated control mice using Student t-tests. Time course of BAL CXCR4+ lymphoid (G) and BAL CXCR4+ myeloid (H) infiltrates. Results are expressed as absolute counts in the BAL (mean ± SEM). *p < 0.05, **p < 0.01, using Student t-test versus LPS-vehicle-treated animals or ###p < 0.001, ####p < 0.0001 versus NaCl-vehicle-treated control mice using Student t-tests.
Treatment with ACT-1004-1239 led to a robust and significant increase in plasma CXCL12 concentrations at all time points tested compared with vehicle-treated, LPS-challenged mice (Figure 3E). In contrast to the effect seen in plasma, in the lung tissue, CXCR7 antagonism did not further increase the LPS-induced elevation in CXCL12 levels and even resulted in a slight reduction in CXCL12 levels at 24 h post LPS challenge compared with vehicle-treated LPS-challenged mice (Figure 3F). In the BAL from LPS-challenged mice, at all time points investigated, treatment with ACT-1004-1239 significantly reduced BAL CXCR4+ lymphoid (Figure 3G) and CXCR4+ myeloid cell infiltrates (Figure 3H) compared with vehicle-treated LPS-challenged mice.
To investigate the dose-dependent effect of CXCR7 antagonism on plasma CXCL11 and CXCL12 levels and on immune cell recruitment to the alveolar space, mice were treated with three different doses of ACT-1004-1239 (10, 30, and 100 mg/kg, p.o., twice daily) or vehicle for 3 days, starting 1 h prior to LPS challenge. Treatment with ACT-1004-1239 dose-dependently increased plasma CXCL11 and CXCL12 concentrations (Figures 4A, B); this was accompanied by a dose-dependent decrease in the major immune cell infiltrates present in the BAL after 72 h (Figure 4D), namely, T cells (Figure 4C) and macrophages (Figure 4D).
[image: Figure 4]FIGURE 4 | Treatment with ACT-1004-1239 dose-dependently increases plasma CXCL11 and CXCL12 levels and reduces BAL T cell and inflammatory macrophage infiltrates in the LPS-induced ALI/ARDS model. Vehicle (Veh; black bars) or ACT-1004-1239 (10, 30, or 100 mg/kg; bars with different shades of red) was given orally, twice daily, starting 1 h prior to LPS nebulization, for a total of six administrations. Control mice (white bars) were challenged by NaCl nebulization and received vehicle administrations. Plasma CXCL11 (A) and plasma CXCL12 levels (B) 72 h after LPS or NaCl challenge. Results are expressed as mean + SEM (n = 10–25 mice per treatment-LPS groups and n = 4–5 mice for control group). *p < 0.05, ****p < 0.0001 versus vehicle-treated LPS-challenged mice, using one-way ANOVA test followed by Dunnett’s multiple comparisons test. Total BAL T cell (C) and BAL inflammatory macrophage counts (D) 72 h after LPS challenge. Results are expressed as mean ± SEM with n = 11–23 mice per treatment-LPS groups and n = 3 for controls. **p < 0.01, ***p < 0.001, ****p < 0.0001 versus vehicle-treated LPS-challenged mice, using one-way ANOVA test followed by Dunnett’s multiple comparisons test.
Taken together, these data demonstrate that CXCR7 antagonism with ACT-1004-1239 significantly increased plasma CXCL11 and CXCL12 levels in a dose-dependent manner and was associated with a reduction in CXCR3+ and CXCR4+ BAL immune infiltrates.
CXCR7 Antagonism Reduces Lipopolysaccharide -Induced Acute Lung Injury/Acute Respiratory Distress Syndrome
To monitor whether the CXCR7 antagonist ACT-1004-1239 would affect LPS-induced breathing dysfunction, whole-body plethysmography on conscious, unrestrained DBA/1 mice was performed. As previously reported (Lefort et al., 2001), LPS nebulization caused a significant increase in enhanced pause (Penh) AUC versus vehicle-treated mice challenged with NaCl (Figure 5A). A single oral administration of ACT-1004-1239 (100 mg/kg, p.o.), given 1-h prior to LPS challenge, significantly reduced the LPS-induced elevated Penh AUC, reaching values from control mice at the end of the evaluation period (Figure 5A), indicating a normalization of the breathing pattern. In addition, the effect of CXCR7 antagonism on LPS-induced alveolar capillary barrier permeability increase was assessed 48 h post-LPS challenge, at the peak of the LPS effect (Figure 1B). Treatment with ACT-1004-1239 (100 mg/kg, p.o., twice daily) was initiated either 1-h prior to LPS challenge (preventive setting) or 3 h after LPS challenge (therapeutic setting), when neutrophil infiltration was already apparent (data not shown). In both settings, treatment with the CXCR7 antagonist significantly reduced the overall protein content in the BAL, compared with vehicle-treated, LPS-challenged mice (Figure 5B). Moreover, treatment with ACT-1004-1239 reduced LPS-induced leukocyte recruitment to the BAL 48 h post-LPS challenge. Preventive ACT-1004-1239 treatment significantly reduced all evaluated immune cell subsets present in the BAL (Figure 5C), whereas therapeutic administration of ACT-1004-1239 significantly reduced macrophages and lymphocytes, and showed a trend to reduce all other evaluated cell subtypes without reaching statistical significance (Figure 5C).
[image: Figure 5]FIGURE 5 | Antagonism of CXCR7 reduces LPS-induced ALI/ARDS. Treatment with the CXCR7 antagonist ACT-1004-1239 significantly reduced LPS-induced breathing pattern alteration (A), alveolar–capillary barrier permeability (B), and immune cell infiltrates in the bronchoalveolar space (C) compared with vehicle-treated-LPS exposed mice. Mice were treated with vehicle (LPS-vehicle; black) or ACT-1004-1239 (100 mg/kg, LPS-ACT-1004-1239) orally, twice daily, starting 1 h prior to LPS challenge (preventive setting; LPS-ACTPrev; red) or 3 h after LPS challenge (therapeutic setting; LPS-ACTTher; hatched bar). Control mice were treated with vehicle and inhaled NaCl 0.9% (NaCl-vehicle; white). (A) Preventive treatment with ACT-1004-1239 reduced the LPS-induced breathing pattern alteration, measured by the calculated enhanced pause (Penh) using whole-body plethysmography in conscious unrestrained mice over a period of 6 h following LPS inhalation. Results are expressed as the mean percentage Penh area under the curve (AUC) normalized to the baseline ± SEM (n = 8 mice per group). ****p < 0.0001 using two-way ANOVA, followed by Dunnett’s multiple comparisons test versus LPS-vehicle-treated mice. (B) Preventive and therapeutic treatment with ACT-1004-1239 reduced alveolar–capillary barrier permeability, measured by a reduction in total protein concentration in BAL supernatant 48 h after LPS challenge (n = 7–16 mice per LPS-challenged groups; n = 6 NaCl-vehicle control mice). Results are expressed as mean + SEM. *p < 0.05, **p < 0.01 versus LPS-vehicle-treated mice using one-way ANOVA followed by Dunnett’s multiple comparisons test. (C) Preventive and therapeutic treatment with ACT-1004-1239 reduced immune cell infiltrates in the BAL, measured by flow cytometry 48 h after LPS challenge (n = 7–16 mice per LPS-challenged groups; n = 6 NaCl-vehicle control mice). Results are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus LPS-vehicle-treated mice using two-way ANOVA followed by Dunnett’s multiple comparisons test. The gating strategy for all immune populations is illustrated in Supplementary Figures S1A,B.
In summary, blockade of the CXCR7 axis improved clinical signs of nebulized LPS inhalation as shown by an improvement in the breathing pattern, a reduction in the vascular barrier dysfunction, and a reduction in immune cell infiltrates into the BAL, thus, confirming the importance of the CXCR3/CXCR4/CXCR7 axis in ALI/ARDS.
DISCUSSION
Acute lung injury and its more severe form, ARDS, represent lung disease conditions of multifactorial etiology, associated with diffuse alveolar damage and hypoxemia. Despite better knowledge regarding the pathogenesis of ALI/ARDS, mortality remains high (40%), and current treatment is restricted to supportive care with mechanical ventilation, emphasizing the need to develop and test new therapies for this life-threatening condition (Dushianthan et al., 2011; Bellani et al., 2016). The lack of effective therapy has been recently underlined by the coronavirus disease 19 (COVID-19) pandemic, which causes ARDS in 3%–5% of the patients infected with SARS-CoV-2 (Horie et al., 2020).
The preclinical ALI/ARDS model, induced by LPS inhalation in rodents, is a commonly used model, which manifests key features of human ALI/ARDS (Menezes et al., 2005; Matute-Bello et al., 2008). In the current study, the consequences of LPS inhalation were characterized over time in DBA/1 mice, a strain of mice expressing both CXCR7 ligands (CXCL11 and CXCL12). In line with previous reports in similar models but not expressing CXCL11 (Lefort et al., 2001; Lax et al., 2014), inhalation of nebulized LPS in DBA/1 mice induced key parameters recommended by the American Thoracic Society to detect the presence of ARDS in laboratory animals: LPS inhalation caused a rapid and significant recruitment of inflammatory cells to the alveolar space, especially neutrophils at early time points after LPS challenge followed by macrophages and T cells at later time points. Furthermore, LPS inhalation increased alveolar capillary barrier permeability. The LPS-induced breathing pattern alteration was also observed, which has been shown to be associated with altered lung function (Håkansson et al., 2012).
The duration of the pulmonary inflammatory contributes to the pathogenesis of ALI/ARDS and may determine the severity and subsequent mortality in patients (Meduri et al., 1995; Yang et al., 2003); however, the mechanisms leading to a persistent inflammation remain unclear. Previous reports have suggested that both the CXCR3 and CXCR4 axis play a pivotal role in the prolonged recruitment and/or retention of immune cells in ALI/ARDS, exerting a damaging effect in the lung (Petty et al., 2007; Nie et al., 2008; Kelsen et al., 2009).
Consistent with findings from human patients and mouse models of ALI (Saetta et al., 2002; Petty et al., 2007; Hartl et al., 2008; Costello et al., 2012; Ichikawa et al., 2013; Ngamsri et al., 2017; Liao et al., 2020), in this study using LPS-challenged DBA/1 mice, CXCR3 and CXCR4 ligands were elevated in the BAL, which was associated with increased BAL CXCR3+ and CXCR4+ cell infiltrates. In line with previously reported data (Petty et al., 2007), the expression of CXCR4 on BAL myeloid cells steadily increased over time following LPS-induced lung injury. Importantly, the same observation was made regarding the expression of CXCR3, especially on lymphoid cells, suggesting a distinct role for CXCR3 and CXCR4 in the recruitment and persistence/retention of BAL infiltrates during ALI/ARDS. Interestingly, a similar observation was made in the BAL from patients with COVID-19, where most BAL infiltrates expressed CXCR3 and/or CXCR4 (Liao et al., 2020), and the increased presence of activated lung-homing CXCR4+ T cells was associated with fatal COVID-19 (Neidleman et al., 2021).
CXCR7 has been reported to scavenge both CXCL11 and CXCL12. Even though CXCL11 was found at lower levels than CXCL9 and CXCL10 in the BAL from LPS challenged mice, this chemokine represents the most potent CXCR3 ligand (Sauty et al., 2001). To date, the role of the CXCR3/CXCR7/CXCL11 axis in preclinical ALI models has not been investigated as previous studies were conducted in C57BL/6 mice, a mouse strain lacking CXCL11 (Sierro et al., 2007). We show here that antagonizing CXCR7 with ACT-1004-1239 not only led to the elevation of CXCL12 in the plasma, confirming previous data (Richard-Bildstein et al., 2020; Pouzol et al., 2021) but also of the inducible chemokine CXCL11, in a dose-dependent manner, confirming the inhibition of the scavenging activity of CXCR7 in vivo. In contrast, CXCR7 antagonism did not further increase the LPS-induced elevation of CXCL11 and CXCL12 concentrations in the inflamed lung tissue, but rather tended to normalize them, likely leading to a disruption in the chemokine concentration gradient from the blood to the injured lung tissue. Consequently, a significant reduction in CXCR3+ lymphoid and CXCR4+ myeloid and lymphoid cells in the BAL was observed upon treatment with the CXCR7 antagonist, suggesting an inhibition of directional migration of these cells from the blood to the inflamed tissue and/or a reduction in their retention in the tissue. The immunomodulatory effect of CXCR7 antagonism was consistently shown both in a preventive and therapeutic setting, highlighting its potential clinical impact on acute pulmonary inflammation.
Besides the pivotal role of CXCR7 on immune cell infiltration to the BAL, expression of CXCR7 in the vasculature has been associated with a disruption of the endothelial barrier function (Totonchy et al., 2014). CXCR7 antagonism with ACT-1004-1239, both in a preventive and therapeutic setting, successfully reduced alterations in the alveolar capillary barrier function as shown by a reduction in the overall protein content in the BAL following LPS challenge. Furthermore, CXCL12 has been shown to promote endothelial barrier integrity in vivo via CXCR4 (Kobayashi et al., 2014) and to enhance barrier function in human pulmonary artery endothelial cells following thrombin activation in vitro (Cheng et al., 2017). These data suggest that the reduced vascular permeability seen in the ALI/ARDS model following CXCR7 antagonism could be a result of a direct effect on endothelial cells and/or indirect effect via increased CXCL12 concentration.
An additional interesting finding of this study was the effect of ACT-1004-1239 on breathing pattern alteration following LPS challenge. Endotoxins have been related to pulmonary functional disturbances both in humans (Leaker et al., 2013) and mice (Lefort et al., 2001) and have been shown to exacerbate established emphysema in several experimental models (Kobayashi et al., 2013; de Oliveira et al., 2019). Therefore, this aspect may be relevant to the pathogenesis of ARDS, especially at the late stages where emphysema-like lesions are present (Terzi et al., 2014). In the present study, treatment with ACT-1004-1239 reduced the Penh increase observed within 2 h following LPS inhalation. Published data in similar models reported that LPS-induced Penh increase was dependent on TNFα release (Schnyder-Candrian et al., 2005). However, the effect observed with ACT-1004-1239 on this early breathing pattern change could not be explained by a reduction in LPS-induced BAL TNFα elevation (data not shown). More studies are needed to unravel the mechanisms that account for this effect.
So far, only CCX771, which recruits β-arrestin upon binding to the CXCR7 receptor, has been evaluated in the context of ALI (Zabel et al., 2009; Ngamsri et al., 2017). Our study using ACT-1004-1239, a CXCR7 antagonist of the β-arrestin pathway, provides evidence that the observed efficacy obtained with CCX771 in ALI was likely due to its functional antagonistic effect and not to its agonistic effect.
In conclusion, the presented data provide a characterization of the LPS-induced ALI/ARDS model in DBA/1 mice, demonstrating a key role for CXCR7 on pathological hallmarks of human disease (Figure 6A). The scavenging activity of CXCR7 contributed to the establishment and maintenance of CXCL11 and CXCL12 concentration gradients, thereby allowing the recruitment of CXCR3+ and CXCR4+ leukocytes to the BAL (Figure 6A). Antagonizing CXCR7 with ACT-1004-1239 increased plasma CXCL11 and CXCL12 levels and reduced infiltration of CXCR3+ and CXCR4+ leukocytes to the BAL (Figure 6B). Furthermore, CXCR7 antagonism reduced vascular permeability and breathing dysfunction (Figure 6B). This broad mechanism of action positions ACT-1004-1239 as a potential new therapy to target main pathological features of human ALI/ARDS.
[image: Figure 6]FIGURE 6 | Summary of pathological role of CXCR7 and potential benefit of CXCR7 antagonism during ALI/ARDS. (A) CXCR7 functions predominantly as a scavenger receptor for its two ligands: the interferon-inducible chemokine CXCL11 and the constitutive chemokine CXCL12. Binding of its ligands leads to internalization of the CXCR7–ligand complex and ligand degradation. CXCL11 and CXCL12 also bind and activate the signaling chemokine receptors CXCR3 and CXCR4, respectively. The CXCR3/CXCR4/CXCR7 axes play an important role in lung inflammation. CXCR7 scavenging activity tightly regulates the extracellular levels of its ligands, facilitating the establishment and maintenance of CXCL11/12 chemokine concentration gradients and CXCR3+/CXCR4+ cell migration from the blood to the inflamed lung. In addition, increased CXCR7 expression in the inflamed lung has been reported to be associated with breathing pattern alteration and endothelial barrier dysfunction. (B) CXCR7 antagonism with the CXCR7 antagonist ACT-1004-1239 exhibits immunomodulatory effects: by blocking the scavenging activity of the receptor and consequently increasing CXCL11 and CXCL12 plasma concentrations, chemokine gradients are disrupted, inhibiting CXCR3+ and CXCR4+ cell migration to the inflamed lung. In addition, treatment with ACT-1004-1239, by increasing plasma CXCL12 and/or by direct inhibition of CXCR7 signaling, ameliorates ALI-induced breathing pattern alteration and endothelial barrier dysfunction.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was reviewed and approved by the Basel Cantonal Veterinary Office.
AUTHOR CONTRIBUTIONS
LP was responsible for the conception, design and execution of the studies, data interpretation, and manuscript drafting. AS was responsible for the execution of the studies, data interpretation, and manuscript drafting. NB, MT, and DS carried out the experiments and analyzed the data. FL was involved in the study concept and design. MM was involved in the data interpretation and manuscript drafting. All authors helped to critically revise the intellectual content of the manuscript and approved the final submission.
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 thank Idorsia’s immunology, translational biomarker, DMPK, and formulation and preclinical galenics groups for their continuous support with in vivo experiments. We thank J. Scherer for supporting the evaluation of the lung function. We thank E. Gerossier and A. Zurbach for constant in vivo support. We thank J. Hoerner and H. Farine for the measurement of CXCL11. We thank E. Vezzali for histology. We thank the core team members of the project, especially P. Guerry, C. Gnerre, E. Lindenberg, M. Holdener, P. Coloma, C. Huynh, and S. Schuldes for their careful review of the manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.748740/full#supplementary-material
ABBREVIATIONS
ALI, acute lung injury; ANOVA, analysis of variance; ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage; bid, twice daily; DCs, dendritic cells; LPS, lipopolysaccharide; NK cells, Natural killer cells; pDCs, plasmacytoid dendritic cells; SEM, standard error of the mean.
REFERENCES
 Alm, A. S., Li, K., Chen, H., Wang, D., Andersson, R., and Wang, X. (2010). Variation of Lipopolysaccharide-Induced Acute Lung Injury in Eight Strains of Mice. Respir. Physiol. Neurobiol. 171 (2), 157–164. doi:10.1016/j.resp.2010.02.009
 Bellani, G., Laffey, J. G., Pham, T., Fan, E., Brochard, L., Esteban, A., et al. (2016). Epidemiology, Patterns of Care, and Mortality for Patients With Acute Respiratory Distress Syndrome in Intensive Care Units in 50 Countries. JAMA 315 (8), 788–800. doi:10.1001/jama.2016.0291
 Berahovich, R. D., Zabel, B. A., Lewén, S., Walters, M. J., Ebsworth, K., Wang, Y., et al. (2014). Endothelial Expression of CXCR7 and the Regulation of Systemic CXCL12 Levels. Immunology 141 (1), 111–122. doi:10.1111/imm.12176
 Berahovich, R. D., Zabel, B. A., Penfold, M. E., Lewén, S., Wang, Y., Miao, Z., et al. (2010). CXCR7 Protein is not Expressed on Human or Mouse Leukocytes. J. Immunol. 185 (9), 5130–5139. doi:10.4049/jimmunol.1001660
 Bhatia, M., Zemans, R. L., and Jeyaseelan, S. (2012). Role of Chemokines in the Pathogenesis of Acute Lung Injury. Am. J. Respir. Cell Mol. Biol. 46 (5), 566–572. doi:10.1165/rcmb.2011-0392TR
 Cheng, Y. H., Eby, J. M., LaPorte, H. M., Volkman, B. F., and Majetschak, M. (2017). Effects of Cognate, Non-Cognate and Synthetic CXCR4 and ACKR3 Ligands on Human Lung Endothelial Cell Barrier Function. PLoS One 12 (11), e0187949. doi:10.1371/journal.pone.0187949
 Costello, C. M., McCullagh, B., Howell, K., Sands, M., Belperio, J. A., Keane, M. P., et al. (2012). A Role for the CXCL12 Receptor, CXCR7, in the Pathogenesis of Human Pulmonary Vascular Disease. Eur. Respir. J. 39 (6), 1415–1424. doi:10.1183/09031936.00044911
 de Oliveira, M. V., Rocha, N. N., Santos, R. S., Rocco, M. R. M., de Magalhães, R. F., Silva, J. D., et al. (2019). Endotoxin-Induced Emphysema Exacerbation: A Novel Model of Chronic Obstructive Pulmonary Disease Exacerbations Causing Cardiopulmonary Impairment and Diaphragm Dysfunction. Front. Physiol. 10, 664. doi:10.3389/fphys.2019.00664
 de Souza Xavier Costa, N., Ribeiro Júnior, G., Dos Santos Alemany, A. A., Belotti, L., Zati, D. H., Frota Cavalcante, M., et al. (2017). Early and Late Pulmonary Effects of Nebulized LPS in Mice: An Acute Lung Injury Model. PLoS One 12 (9), e0185474. doi:10.1371/journal.pone.0185474
 Domscheit, H., Hegeman, M. A., Carvalho, N., and Spieth, P. M. (2020). Molecular Dynamics of Lipopolysaccharide-Induced Lung Injury in Rodents. Front. Physiol. 11, 36. doi:10.3389/fphys.2020.00036
 Dushianthan, A., Grocott, M. P., Postle, A. D., and Cusack, R. (2011). Acute Respiratory Distress Syndrome and Acute Lung Injury. Postgrad. Med. J. 87 (1031), 612–622. doi:10.1136/pgmj.2011.118398
 Gibson, P. G., Qin, L., and Puah, S. H. (2020). COVID-19 Acute Respiratory Distress Syndrome (ARDS): Clinical Features and Differences from Typical Pre-COVID-19 ARDS. Med. J. Aust. 213 (2), 54–56.e1. doi:10.5694/mja2.50674
 Groom, J. R., and Luster, A. D. (2011). CXCR3 in T Cell Function. Exp. Cell Res. 317 (5), 620–631. doi:10.1016/j.yexcr.2010.12.017S0014-4827(10)00575-6
 Håkansson, H. F., Smailagic, A., Brunmark, C., Miller-Larsson, A., and Lal, H. (2012). Altered Lung Function Relates to Inflammation in an Acute LPS Mouse Model. Pulm. Pharmacol. Ther. 25 (5), 399–406. doi:10.1016/j.pupt.2012.08.001
 Hamelmann, E., Schwarze, J., Takeda, K., Oshiba, A., Larsen, G. L., Irvin, C. G., et al. (1997). Noninvasive Measurement of Airway responsiveness in Allergic Mice Using Barometric Plethysmography. Am. J. Respir. Crit. Care Med. 156 (3 pt 1), 766–775. doi:10.1164/ajrccm.156.3.9606031
 Hartl, D., Krauss-Etschmann, S., Koller, B., Hordijk, P. L., Kuijpers, T. W., Hoffmann, F., et al. (2008). Infiltrated Neutrophils Acquire Novel Chemokine Receptor Expression and Chemokine Responsiveness in Chronic Inflammatory Lung Diseases. J. Immunol. 181 (11), 8053–8067. doi:10.4049/jimmunol.181.11.8053
 Horie, S., McNicholas, B., Rezoagli, E., Pham, T., Curley, G., McAuley, D., et al. (2020). Emerging Pharmacological Therapies for ARDS: COVID-19 and Beyond. Intensive Care Med. 46 (12), 2265–2283. doi:10.1007/s00134-020-06141-z
 Ichikawa, A., Kuba, K., Morita, M., Chida, S., Tezuka, H., Hara, H., et al. (2013). CXCL10-CXCR3 Enhances the Development of Neutrophil-Mediated Fulminant Lung Injury of Viral and Nonviral Origin. Am. J. Respir. Crit. Care Med. 187 (1), 65–77. doi:10.1164/rccm.201203-0508OC
 Kelsen, S. G., Aksoy, M. O., Georgy, M., Hershman, R., Ji, R., Li, X., et al. (2009). Lymphoid Follicle Cells in Chronic Obstructive Pulmonary Disease Overexpress the Chemokine Receptor CXCR3. Am. J. Respir. Crit. Care Med. 179 (9), 799–805. doi:10.1164/rccm.200807-1089OC
 Kobayashi, K., Sato, K., Kida, T., Omori, K., Hori, M., Ozaki, H., et al. (2014). Stromal Cell-Derived Factor-1α/c-x-c Chemokine Receptor Type 4 Axis Promotes Endothelial Cell Barrier Integrity via Phosphoinositide 3-Kinase and Rac1 Activation. Arterioscler Thromb. Vasc. Biol. 34 (8), 1716–1722. doi:10.1161/ATVBAHA.114.303890
 Kobayashi, S., Fujinawa, R., Ota, F., Kobayashi, S., Angata, T., Ueno, M., et al. (2013). A Single Dose of Lipopolysaccharide Into Mice With Emphysema Mimics Human Chronic Obstructive Pulmonary Disease Exacerbation as Assessed by Micro-Computed Tomography. Am. J. Respir. Cell Mol. Biol. 49 (6), 971–977. doi:10.1165/rcmb.2013-0074OC
 Konrad, F. M., Meichssner, N., Bury, A., Ngamsri, K. C., and Reutershan, J. (2017). Inhibition of SDF-1 Receptors CXCR4 and CXCR7 Attenuates Acute Pulmonary Inflammation via the Adenosine A2B-Receptor on Blood Cells. Cell Death Dis 8 (5), e2832. doi:10.1038/cddis.2016.482
 Lax, S., Wilson, M. R., Takata, M., and Thickett, D. R. (2014). Using a Non-Invasive Assessment of Lung Injury in a Murine Model of Acute Lung Injury. BMJ Open Respir. Res. 1 (1), e000014. doi:10.1136/bmjresp-2013-000014
 Leaker, B. R., Barnes, P. J., and O’Connor, B. (2013). Inhibition of LPS-Induced Airway Neutrophilic Inflammation in Healthy Volunteers with an Oral CXCR2 Antagonist. Respir. Res. 14, 137. doi:10.1186/1465-9921-14-137
 Lefort, J., Motreff, L., and Vargaftig, B. B. (2001). Airway Administration of Escherichia coli Endotoxin to Mice Induces Glucocorticosteroid-Resistant Bronchoconstriction and Vasopermeation. Am. J. Respir. Cell Mol. Biol. 24 (3), 345–351. doi:10.1165/ajrcmb.24.3.4289
 Lemos-Filho, L. B., Mikkelsen, M. E., Martin, G. S., Dabbagh, O., Adesanya, A., Gentile, N., et al. (2013). Sex, Race, and the Development of Acute Lung Injury. Chest 143 (4), 901–909. doi:10.1378/chest.12-1118
 Lewellis, S. W., and Knaut, H. (2012). Attractive Guidance: How The Chemokine SDF1/CXCL12 Guides Different Cells to Different Locations. Semin. Cell Dev. Biol. 23 (3), 333–340. doi:10.1016/j.semcdb.2012.03.009
 Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., et al. (2020). Single-Cell Landscape of Bronchoalveolar Immune Cells in Patients with COVID-19. Nat. Med. 26 (6), 842–844. doi:10.1038/s41591-020-0901-9
 Matute-Bello, G., Frevert, C. W., and Martin, T. R. (2008). Animal Models of Acute Lung Injury. Am. J. Physiol. Lung Cell Mol. Physiol. 295 (3), L379–L399. doi:10.1152/ajplung.0001010.2008
 Meduri, G. U., Headley, S., Kohler, G., Stentz, F., Tolley, E., Umberger, R., et al. (1995). Persistent Elevation of Inflammatory Cytokines Predicts a Poor Outcome in ARDS. Plasma IL-1 Beta and IL-6 Levels are Consistent and Efficient Predictors of Outcome Over Time. Chest 107 (4), 1062–1073. doi:10.1378/chest.107.4.1062
 Menezes, S. L., Bozza, P. T., Neto, H. C., Laranjeira, A. P., Negri, E. M., Capelozzi, V. L., et al. (2005). Pulmonary and Extrapulmonary Acute Lung Injury: Inflammatory and Ultrastructural Analyses. J. Appl. Physiol. 98 (5), 1777–1783. doi:10.1152/japplphysiol.01182.2004
 Menhaji-Klotz, E., Ward, J., Brown, J. A., Loria, P. M., Tan, C., Hesp, K. D., et al. (2020). Discovery of Diphenylacetamides as CXCR7 Inhibitors with Novel β-Arrestin Antagonist Activity. ACS Med. Chem. Lett. 11, 1330–1334. doi:10.1021/acsmedchemlett.0c00163
 Naumann, U., Cameroni, E., Pruenster, M., Mahabaleshwar, H., Raz, E., Zerwes, H. G., et al. (2010). CXCR7 Functions as a Scavenger for CXCL12 and CXCL11. PLoS One 5 (2), e9175. doi:10.1371/journal.pone.0009175
 Neidleman, J., Luo, X., George, A. F., McGregor, M., Yang, J., Yun, C., et al. (2021). Distinctive Features of SARS-CoV-2-Specific T Cells Predict recovery from Severe COVID-19. Cell Rep. 36 (3), 109414. doi:10.1016/j.celrep.2021.10941
 Ngamsri, K. C., Müller, A., Bösmüller, H., Gamper-Tsigaras, J., Reutershan, J., and Konrad, F. M. (2017). The Pivotal Role of CXCR7 in Stabilization of the Pulmonary Epithelial Barrier in Acute Pulmonary Inflammation. J. Immunol. 198 (6), 2403–2413. doi:10.4049/jimmunol.1601682
 Nie, L., Xiang, R., Zhou, W., Lu, B., Cheng, D., and Gao, J. (2008). Attenuation of Acute Lung Inflammation Induced by Cigarette Smoke in CXCR3 Knockout Mice. Respir. Res. 9, 82. doi:10.1186/1465-9921-9-82
 Petty, J. M., Sueblinvong, V., Lenox, C. C., Jones, C. C., Cosgrove, G. P., Cool, C. D., et al. (2007). Pulmonary Stromal-Derived Factor-1 Expression and Effect on Neutrophil Recruitment During Acute Lung Injury. J. Immunol. 178 (12), 8148–8157. doi:10.4049/jimmunol.178.12.8148
 Piali, L., Birker-Robaczewska, M., Lescop, C., Froidevaux, S., Schmitz, N., Morrison, K., et al. (2017). Cenerimod, a Novel Selective S1P1 Receptor Modulator With Unique Signaling Properties. Pharmacol. Res. Perspect. 5 (6), 5723703. doi:10.1002/prp2.370
 Pouzol, L., Baumlin, N., Sassi, A., Tunis, M., Marrie, J., Vezzali, E., et al. (2021). ACT-1004-1239, a First-in-Class CXCR7 Antagonist With Both Immunomodulatory and Promyelinating Effects for the Treatment of Inflammatory Demyelinating Diseases. FASEB J. 35 (3), e21431. doi:10.1096/fj.202002465R
 Prada-Dacasa, P., Urpi, A., Sánchez-Benito, L., bianchi, p., and Quintana, A. (2020). Measuring Breathing Patterns in Mice Using Whole-Body Plethysmography. Bio Protoc. 10 (17), e3741. doi:10.21769/BioProtoc.3741
 Puneet, P., Moochhala, S., and Bhatia, M. (2005). Chemokines in Acute Respiratory Distress Syndrome. Am. J. Physiol. Lung Cell Mol. Physiol. 288 (1), L3–L15. doi:10.1152/ajplung.00405.2003
 Quinn, K. E., Mackie, D. I., and Caron, K. M. (2018). Emerging Roles of Atypical Chemokine Receptor 3 (ACKR3) in Normal Development and Physiology. Cytokine 109, 17–23. doi:10.1016/j.cyto.2018.02.024
 Richard-Bildstein, S., Aissaoui, H., Pothier, J., Schäfer, G., Gnerre, C., Lindenberg, E., et al. (2020). Discovery of the Potent, Selective, Orally Available CXCR7 Antagonist ACT-1004-1239. J. Med. Chem. 63 (24), 15864–15882. doi:10.1021/acs.jmedchem.0c01588
 Saetta, M., Mariani, M., Panina-Bordignon, P., Turato, G., Buonsanti, C., Baraldo, S., et al. (2002). Increased Expression of the Chemokine Receptor CXCR3 and its Ligand CXCL10 in Peripheral Airways of Smokers With Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 165 (10), 1404–1409. doi:10.1164/rccm.2107139
 Sauty, A., Colvin, R. A., Wagner, L., Rochat, S., Spertini, F., and Luster, A. D. (2001). CXCR3 Internalization Following T Cell-Endothelial Cell Contact: Preferential Role of IFN-Inducible T Cell Alpha Chemoattractant (CXCL11). J. Immunol. 167 (12), 7084–7093. doi:10.4049/jimmunol.167.12.7084
 Schnyder-Candrian, S., Quesniaux, V. F., Di Padova, F., Maillet, I., Noulin, N., Couillin, I., et al. (2005). Dual Effects of p38 MAPK on TNF-Dependent Bronchoconstriction and TNF-Independent Neutrophil Recruitment in Lipopolysaccharide-Induced Acute Respiratory Distress Syndrome. J. Immunol. 175 (1), 262–269. doi:10.4049/jimmunol.175.1.262
 Sierro, F., Biben, C., Martínez-Muñoz, L., Mellado, M., Ransohoff, R. M., Li, M., et al. (2007). Disrupted Cardiac Development but Normal Hematopoiesis in Mice Deficient in the Second CXCL12/SDF-1 Receptor, CXCR7. Proc. Natl. Acad. Sci. U S A. 104 (37), 14759–14764. doi:10.1073/pnas.0702229104
 Terzi, E., Zarogoulidis, K., Kougioumtzi, I., Dryllis, G., Kioumis, I., Pitsiou, G., et al. (2014). Acute Respiratory Distress Syndrome and Pneumothorax. J. Thorac. Dis. 6 (Suppl. 4), S435–S442. doi:10.3978/j.issn.2072-1439.2014.08.34
 Tobia, C., Chiodelli, P., Barbieri, A., Buraschi, S., Ferrari, E., Mitola, S., et al. (2019). Atypical Chemokine Receptor 3 Generates Guidance Cues for CXCL12-Mediated Endothelial Cell Migration. Front. Immunol. 10, 1092. doi:10.3389/fimmu.2019.01092
 Tomankova, T., Kriegova, E., and Liu, M. (2015). Chemokine Receptors and Their Therapeutic Opportunities in Diseased Lung: Far Beyond Leukocyte Trafficking. Am. J. Physiol. Lung Cell Mol. Physiol. 308 (7), L603–L618. doi:10.1152/ajplung.00203.2014
 Totonchy, J. E., Clepper, L., Phillips, K. G., McCarty, O. J., and Moses, A. V. (2014). CXCR7 Expression Disrupts Endothelial Cell Homeostasis and Causes Ligand-Dependent Invasion. Cell Adh Migr 8 (2), 165–176. doi:10.4161/cam.28495
 Ware, L. B., and Matthay, M. A. (2000). The Acute Respiratory Distress Syndrome. N. Engl. J. Med. 342 (18), 1334–1349. doi:10.1056/NEJM200005043421806
 Wheeler, A. P., and Bernard, G. R. (2007). Acute Lung Injury and the Acute Respiratory Distress Syndrome: A Clinical Review. Lancet 369 (9572), 1553–1564. doi:10.1016/S0140-6736(07)60604-7
 Yang, K. Y., Arcaroli, J. J., and Abraham, E. (2003). Early Alterations in Neutrophil Activation are Associated With Outcome in Acute Lung Injury. Am. J. Respir. Crit. Care Med. 167 (11), 1567–1574. doi:10.1164/rccm.200207-664OC
 Zabel, B. A., Wang, Y., Lewén, S., Berahovich, R. D., Penfold, M. E., Zhang, P., et al. (2009). Elucidation of CXCR7-Mediated Signaling Events and Inhibition of CXCR4-Mediated Tumor Cell Transendothelial Migration by CXCR7 Ligands. J. Immunol. 183 (5), 3204–3211. doi:10.4049/jimmunol.0900269
Conflict of Interest: Authors LP, AS, NB, MT, DS, FL, and MM were employed by the company Idorsia Pharmaceuticals Ltd.
Copyright © 2021 Pouzol, Sassi, Baumlin, Tunis, Strasser, Lehembre and Martinic. 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.
		ORIGINAL RESEARCH
published: 08 November 2021
doi: 10.3389/fphar.2021.772504


[image: image2]
Pharmacological Basis for Use of a Novel Compound in Hyperuricemia: Anti-Hyperuricemic and Anti-Inflammatory Effects
Lei Zhao1, Yihang Li2,3, Dahong Yao1,4, Ran Sun1, Shifang Liu2, Xi Chen2,3, Congcong Lin1, Jian Huang1, Jinhui Wang1* and Guang Li2,3*
1Department of Medicinal Chemistry and Natural Medicine Chemistry, College of Pharmacy, Harbin Medical University, Harbin, China
2Yunnan Branch, Institute of Medicinal Plant, Chinese Academy of Medical Sciences, Peking Union Medical College, Jinghong, China
3Yunnan Key Laboratory of Southern Medicinal Utilization, Jinghong, China
4School of Pharmaceutical Sciences, Shenzhen Technology University, Shenzhen, China
Edited by:
Nandakumar Natarajan, University of California, San Francisco, United States
Reviewed by:
Awadhesh K. Arya, University of Maryland, Baltimore, United States
Rekha Balakrishnan, City of Hope National Medical Center, United States
* Correspondence: Jinhui Wang, wangjinhui@hrbmu.edu.cn; Guang Li, lhbg311@hotmail.com
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 08 September 2021
Accepted: 21 October 2021
Published: 08 November 2021
Citation: Zhao L, Li Y, Yao D, Sun R, Liu S, Chen X, Lin C, Huang J, Wang J and Li G (2021) Pharmacological Basis for Use of a Novel Compound in Hyperuricemia: Anti-Hyperuricemic and Anti-Inflammatory Effects. Front. Pharmacol. 12:772504. doi: 10.3389/fphar.2021.772504

Background: The prevalence of hyperuricemia is considered high worldwide. Hyperuricemia occurs due to decreased excretion of uric acid, increased synthesis of uric acid, or a combination of both mechanisms. There is growing evidence that hyperuricemia is associated with a decline of renal function.
Purpose: This study is aimed at investigating the effects of the novel compound on lowering the serum uric acid level and alleviating renal inflammation induced by high uric acid in hyperuricemic mice.
Methods: Hyperuricemic mice model was induced by potassium oxonate and used to evaluate the effects of the novel compound named FxUD. Enzyme-linked immunosorbent assay was used to detect the related biochemical markers. Hematoxylin-eosin (HE) staining was applied to observe pathological changes. The mRNA expression levels were tested by qRT-PCR. The protein levels were determined by Western blot. In parallel, human proximal renal tubular epithelial cells (HK-2) derived from normal kidney was used to further validate the anti-inflammatory effects in vitro.
Results: FxUD administration significantly decreased serum uric acid levels, restored the kidney function parameters, and improved the renal pathological injury. Meanwhile, treatment with FxUD effectively inhibited serum and liver xanthine oxidase (XOD) levels. Reversed expression alterations of renal inflammatory cytokines, urate transporter 1 (URAT1) and glucose transporter 9 (GLUT9) were observed in hyperuricemic mice. Western blot results illustrated FxUD down-regulated protein levels of inflammasome components. Further studies showed that FxUD inhibited the activation of NF-κB signaling pathway in the kidney of hyperuricemic mice. In parallel, the anti-inflammatory effect of FxUD was also confirmed in HK-2.
Conclusion: Our study reveals that FxUD exhibits the anti-hyperuricemic and anti-inflammatory effects through regulating hepatic XOD and renal urate reabsorption transporters, and suppressing NF-κB/NLRP3 pathway in hyperuricemia. The results provide the evidence that FxUD may be potential for the treatment of hyperuricemia with kidney inflammation.
Keywords: hyperuricemia, xanthine oxidase, NF-κB, NLRP3 inflammasome, urate reabsorption transporter
INTRODUCTION
Hyperuricemia is a metabolic disorder characterized by an excessively increased serum urate concentration, which may occur due to overproduction and/or insufficient intestinal excretion and/or urate underexcretion of kidney (Lu et al., 2019). Uric acid is the ultimate oxidation product of purine catabolism, which induces the formation and deposition of monosodium urate crystals and eventually leads to gout. Therefore, hyperuricemia is the main risk factor for gout (Dalbeth et al., 2018). Hyperuricemia is common and its prevalence has been increasing globally (Dehlin et al., 2020). Hyperuricemia occurs primarily in higher primates, including human, as a result of the inactivation of uricase genes during human evolution. Serum uric acid concentration is an important indicator for human health (Chen et al., 2016). When the uric acid level surpasses its solubility point of 6.8 mg/dl, hyperuricemia is believed to have developed (Terkeltaub, 2010). Alteration of serum uric acid homeostasis has been related to multiple diseases. For instance, an abnormally high serum uric acid is the root cause of gout and has been intimately associated with cardiovascular disease and renal disease (Galassi and Borghi, 2015).
Uric acid crystals formed or deposited in the kidney can induce kidney injury (Waisman et al., 1975). In the process of hyperuricemia-induced kidney damage, the deposition of uric acid crystals has an association with a common pathway that triggers kidney inflammation and injury (Herlitz et al., 2012). Innate immune pathways are also increasingly considered to play an important role in the pathogenesis of hyperuricemia (Kielstein et al., 2020), and particularly lead to activation of the NLRP3 inflammasome which contributes to the release of IL-1β and other pro-inflammatory cytokines (So and Martinon, 2017). Additionally, increased cellular urate, oxidative stress induced directly or indirectly by xanthine oxidase can be related to inflammasomes (Isaka et al., 2016). The processing of uric acid in the kidney mainly encompasses glomerular filtration, tubular reabsorption, tubular secretion, and reabsorption after secretion (Mendez Landa, 2018). Uric acid transporters are necessary for the kidney to handle uric acid, and can be grossly classified into reabsorption-related and secretion-related proteins (Su et al., 2020). Reabsorption-related proteins primarily consist of urate anion transporter 1 (URAT1), glucose transporter 9 (GLUT9), and organic anion transporter 4 (OAT4) (Hagos et al., 2007). For example, the clearly defined function of URAT1 is to promote reabsorption of uric acid at the apical membrane of proximal tubule epithelial cells (TECs) (Enomoto et al., 2002). GLUT9 functions as a transporter that reabsorbs both uric acid and glucose into tubular cells (Chiba et al., 2020). Accordingly, the regulation of cellular uric acid transporters would be able to result in alteration in urate excretion in the kidney (Nakayama et al., 2011). The mechanisms and pathways through which elevated uric acid could impact renal function and eventually lead to kidney damage, have been investigated previously.
Not all patients with gout are able to tolerate allopurinol therapy, and febuxostat still has certain side effects during clinical application. Therefore, the discovery of a promising treatment option for hyperuricemia and gout is urgently needed, and it is of major importance to search for new drugs to ameliorate hyperuricemia. Although the symptoms of kidney injury caused by hyperuricemia have long been known, the underlying molecular mechanisms have not been fully understood. Inflammation is an important physiological response to defense against noxious stimuli, such as pressure on tissues, infection or injury (Rock et al., 2013). Uric acid has been well-known for a long time, but there are few new experimental researches and discoveries around it (Medzhitov, 2008). In our study, we synthesized a novel compound named FxUD and its specific role in those pathological states accompanied by an underlying inflammatory process deserved further investigations. To be specific, we aimed to investigate the protective role of FxUD on high uric acid-induced renal injury, and in the meantime, understanding the specific underlying molecular mechanism was another important task.
MATERIALS AND METHODS
Reagents and Kits
FxUD is a pale yellow-white crystalline powder. Its chemical structure and synthetic routes are shown in Figure 1. Unless otherwise noted, reagents used in the experiment were purchased from Aladdin and used without further purification. The uric acid assay kit was purchased from Elabscience. Blood urea nitrogen (BUN) assay kit and creatinine (Cr) assay kit were purchased from Jiangsu Meibiao Biotechnology (Mbbiology). Xanthine oxidase (XOD) detection kit was purchased from Jianglai Biotechnology. LDH assay kit was purchased from Nanjing Jian Cheng Bioengineering Institute. The enhanced chemiluminescence detection kit was purchased from Kangwei Century. The bicinchoninic acid (BCA) and Cell Counting Kit-8 (CCK-8) assay kit were purchased from Beyotime Biotechnology. The hematoxylin-eosin (HE) staining kit was purchased from Solarbio Life Sciences.
[image: Figure 1]FIGURE 1 | The synthetic route of the novel compound named FxUD.
Animals
Healthy ICR male mice weighing 20–25 g of SPF grade were used. They were allowed to acclimatize to their living environment for at least 7 days before the formal experiments. The animals were housed in air-conditioned room at 25 ± 2°C with relative humidity (60 ± 5%) in a regular 12 h light/dark cycle with free access to a standard mouse chow and water during the experimental period. All procedures were in line with the Experimental Animal Ethics Committee of Harbin Medical University.
Animal Treatment, Drug Administration and Samples Collection
According to the previous studies, hyperuricemia was induced in mice by uricase inhibitor potassium oxonate (PO) (Wang et al., 2016; Wang et al., 2018). In briefly, the mice were allocated into six groups (n = 10/group) randomly. An hour after the food was withdrawn, PO (250 mg/kg/day) was administered by gavage for seven consecutive days. FxUD (6, 12, 24 mg/kg/day) and febuxostat (FEB) (5 mg/kg/day), dissolved in 0.5% carboxymethyl cellulose sodium (CMC-Na), were administered 1 h after PO administration, respectively. Blood samples were obtained by extracting the eyeball after final administration on the 7 th day, allowed to clot for approximately 1 h at room temperature, and then centrifuged at 10,000×g at 4°C for 5 min (Qin et al., 2018) in order to collect the serum. Following this, mice were euthanized by decapitation. Meanwhile, liver tissues were taken and kidneys were dissected on an ice plate quickly and some parts were immediately fixed for HE staining, other parts were conserved at −80°C for further qRT-PCR and Western blot analysis.
Biochemical Assays
Serum and hepatic XOD levels were detected by XOD detection kits according to the manufacturer’s instructions. Serum Cr, BUN, ALT, AST and LDH levels were determined in accordance with the manufacturer’s protocols.
RNA Isolation and Quantitative Reverse Transcription-PCR Analysis
Total RNA was extracted using the using Foregene RNA isolation kit (Foregene Co. Ltd., China) according to the manufacturer’s instructions. Reverse transcription was performed using the TOYOBO ReverTra Ace® qPCR RT Master Mix (Osaka, Japan) after RNA quantification. Real-time PCR was performed using the PowerUP™ SYBR™ Green Master Mix (Thermo Fisher Scientific). The comparative Ct (2−ΔΔCt) method was used to determine the relative mRNA expression, normalized to GAPDH. The used primers were listed as below: XOD, 5ʹ-TCA​GAA​GCC​AAG​AAG​GTG-3ʹ and 5ʹ-ATG​TTC​TGG​GGT​GTC​AGC-3ʹ; IL-1β, 5′-CTC​ACA​AGC​AGA​GCA​CAA​GC-3′ and 5′-CAG​TCC​AGC​CCA​TAC​TTT​AGG-3′; TNF-α, 5′-CCT​GGA​GGA​GAA​GAG​GAA​AGA​GA-3ʹ and 5′-TTG​AGG​ACC​TCT​GTG​TAT​TTG​TCA​A-3ʹ; IL-6, 5′-CCA​TCC​AGT​TGC​CTT​CTT​GG-3ʹ and 5′-TGC​AAG​TGC​ATC​ATC​GTT​GT-3ʹ; MCP-1, 5ʹ-TAA​AAA​CCT​GGA​TCG​GAA​CCA​AA-3ʹ and 5ʹ-GCA​TTA​GCT​TCA​GAT​TTA​CGG​GT-3ʹ; URAT1, 5ʹ-AGC​TCT​TGG​ACC​CCA​ATG​C-3ʹ and 5ʹ-CTT​CAG​AGC​GTG​AGA​GTC​ACA​CA-3ʹ; GLUT9, 5ʹ-TCT​CAG​TTG​CTT​GGG​AGC​AG-3ʹ and 5ʹ-AGC​TAA​AGC​AAG​CTC​CCT​GG-3ʹ; GAPDH, 5ʹ-GCT​GAG​TAT​GTG​GAG​T-3ʹ and 5ʹ-GTT​CAC​ACC​CAT​CAC​AA AC-3ʹ.
Western Blot Analysis
Western blot analysis was performed as previous study with some modifications (Faqihi et al., 2020). In briefly, tissues or cells protein extracts were prepared by using radioimmunoprecipitation (RIPA) lysis buffer (Beyotime) and then centrifuged at 12,000×g at 4°C for 20 min. The protein concentration was determined by BCA protein assay kit. Nuclear and cytoplasmic protein extraction was performed using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). After electrophoresis, separated proteins were transferred from the SDS-polyacrylamide gels to a nitrocellulose membrane. Then, the membranes were blocked with 5% skim milk for 2 h at room temperature and incubated with the indicated primary antibodies at 4°C overnight for IL-1β, TNF-α, IL-6, MCP-1, URAT1, GLUT9, NLRP3, ASC, c-caspase-1, NF-κB, p-NF-κB, IκBα, p-IκBα, β-actin and Histone H3. Next day, the membranes were washed three times, and then they were incubated with secondary antibodies corresponding to the respective species of primary antibodies for 1 h at room temperature. The bands were scanned by a gel imaging system using enhanced chemiluminescence detection kit. The grayscale values were analyzed by Image J software.
Histopathological Examination
Tissues were fixed with 4% paraformaldehyde for 24 h, and then embedded in paraffin and sectioned transversely at 4 µm for HE staining. The stained sections were visualized under light microscopy at 200× magnifications.
Cell Culture and Treatments
Human renal proximal tubule epithelial cell line (HK-2) was maintained in RPMI-1640 medium with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin (Hou et al., 2019) in a humidified incubator under an atmosphere of 95% air and 5% CO2 for further study. The medium was changed every other day. After 12 h starvation in serum-free cell culture medium, HK-2 cells were subsequently incubated with 0.1% DMSO (control group), uric acid (4 mg/dl) and uric acid combined with 200 µM FxUD for 24 h, respectively. In addition, to further explore the role on pathway, HK-2 cells were pre-treated with NF-κB inhibitor SN50 (20 µM) or NLRP3 inhibitor MCC950 (10 µM) (MCE) for 1 h and then were stimulated with uric acid for 24 h.
Cell Viability Analysis
Cell viability was measured by CCK-8 assay kit. HK-2 cells were seeded into 96-well plates at a density of 2 × 105 cells/well and allowed to adhere overnight. After treatment with various concentrations of chemicals for 24 and 48 h, or treated with various concentration of uric acid for 24 h, 10 µL CCK-8 regent was added to each well of 96-well plates, and the plate was incubated at 37°C for 2–4 h following the manufacturer’s protocols. Absorbance was measured at 450 nm using a SpectraMax M3 microplate reader.
Statistical Analysis
Statistical analysis was performed with the GraphPad Prism 8.0 software package. All data were presented as the mean ± standard deviation (SD). Comparison among and between groups was analyzed with one-way analysis of variance (ANOVA) and Student’s t-test, respectively. And statistical significance was concluded at *p < 0.05.
RESULTS
FxUD Decreases Serum Uric Acid Levels and Ameliorates Renal Function in Hyperuricemic Mice
We firstly assessed uric acid levels in the serum of mice. As shown in Figure 2A, after 7 days of potassium oxonate (PO) administration, the PO group exhibited higher serum uric acid levels compared to control group, indicating that hyperuricemia was successfully established. Uric acid levels in the serum were significantly reduced in the FxUD and febuxostat (FEB) group in comparison to the PO group, and the inhibitory effect of FxUD appeared to be dose dependent. Uric acid is mainly excreted by the kidney, and a small amount is excreted by the gastrointestinal tract. Insufficient excretion of uric acid can cause kidney damage (Pilemann-Lyberg et al., 2019). As the creatinine (Cr) and blood urea nitrogen (BUN) levels in serum are effective indicators of renal function, the levels of Cr and BUN in the serum of each group were detected by detection kit. As expected, in comparison with the control group, Cr (Figure 2B) and BUN (Figure 2C) levels in the PO group were significantly increased. After treatment with FxUD and FEB, the serum Cr and BUN levels were significantly decreased to approximately the normal values. The inflammatory state and some changes in tissue structure were observed as obvious pathological features of hyperuricemia in clinical trials (Gupta and Singh, 2019). Histopathological examination for renal tissues of the mice was shown in Figure 2D. Kidney sections isolated from control group mice maintained a normal kidney structure, without obvious inflammatory responses. The normal appearance of renal glomerulus, tubules and interstitium stayed with a compact arrangement of cells was seen. However, the kidneys in PO group mice displayed histological alterations consist of inconspicuous boundaries between adjacent proximal tubule cells and swelling. The kidneys of mice treated with high-dose FxUD and FEB showed restoration of normal tubular histology to some extent. The above results indicated that FxUD could ameliorate the kidney damage induced by hyperuricemia.
[image: Figure 2]FIGURE 2 | FxUD reduces serum uric acid levels and restores renal function in hyperuricemic mice. (A) Uric acid, (B) Cr and (C) BUN levels in serum from the mice (n = 8). (D) The representative pictures of renal histopathology in each group (n = 4). Kidneys in control group maintained a normal renal tubular structure (arrow) with no evidence of inflammation, kidneys in PO group exhibited inconspicuous boundaries between adjacent tubule cells and swelling, while regulated tubule cells and the cytoplasm were relatively clear in kidneys of high-dose FxUD or FEB treatment group. Magnification 200×, scale bar 20 µm. Values are expressed as the means ± SD. *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO. Ctrl, control; PO, potassium oxonate; FEB, febuxostat; Cr, creatinine; BUN, urea nitrogen.
FxUD Exerts Ameliorative Effects on Changes of Liver Biomarkers and Hepatic XOD in Hyperuricemic Mice
Uric acid is the end product of the catabolism of purine compounds in the liver. We tested alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels in mice serum as indicators for liver function (Figures 3A,B). Administration of PO increased the levels of serum ALT and AST in hyperuricemic mice compared to control mice. FxUD treated hyperuricemic mice exhibited decreased altered parameters. In the process of purine metabolism, xanthine oxidoreductase is a key enzyme that catalyzes the oxidation of hypoxanthine and xanthine to form the final product uric acid. Therefore, xanthine oxidoreductase is currently considered to be the most promising target for preventing the accumulation of uric acid in the treatment of hyperuricemia (Smelcerovic et al., 2017). As shown in Figures 3C,D, qRT-PCR and ELISA were performed to measure xanthine oxidase (XOD) mRNA and protein levels, hyperuricemic mice showed up-regulation of XOD mRNA and protein expression in the liver, however, FxUD remarkably down-regulated XOD mRNA and protein expression of hyperuricemic mice. Consistent changes were observed at both the mRNA and protein levels in FEB group. Simultaneously, XOD in serum (Figure 3E) was increased in hyperuricemic mice and was normalized significantly by FxUD. Thus, the results demonstrated a potential mechanism of uric acid-lowering property of FxUD partly was the inhibition of hepatic XOD in hyperuricemic mice.
[image: Figure 3]FIGURE 3 | Ameliorative effects of FxUD on changes of liver biomarkers and hepatic XOD in hyperuricemic mice. (A) ALT and (B) AST levels in mice serum as indicators of liver function (n = 8). (C) XOD mRNA expression (n = 5). (D) XOD protein levels in the liver were detected by ELISA kit (n = 8). (E) XOD in serum of mice (n = 8). Values are expressed as the means ± SD. *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO. ALT, alanine aminotransferase; AST, aspartate aminotransferase; XOD, xanthine oxidase.
FxUD Reduces the Expression of Inflammatory Cytokines in the Kidneys of Hyperuricemic Mice
Inflammation can cause persistent malfunction of tissue (Dkhil et al., 2018). Thus, qRT-PCR and Western blot analysis of inflammatory factors such as cytokines IL-1β (interleukin-1β), TNF-α (tumor necrosis factor-α) and IL-6 (interleukin-6) in kidney were performed to explore the possible mechanisms. As shown in Figure 4, potassium oxonate significantly increased the mRNA levels of renal inflammatory cytokines including IL-1β, TNF-α, IL-6, and MCP-1 (monocyte chemoattractant protein-1) in hyperuricemic mice. Surprisingly, after treatment with a high dosage of FxUD, the mRNA levels of the above four inflammatory cytokines were all significantly decreased. The protein results were consistent with those of mRNA expression. These results illustrated that FxUD could suppress the expression of renal inflammatory cytokines to protect against the kidney damage induced by PO, and we therefore hypothesized that FxUD might inhibit the activation of NF-κB p65. Of course, further experiments would be needed to validate this hypothesis.
[image: Figure 4]FIGURE 4 | FxUD decreases the expression of renal inflammatory cytokines in hyperuricemic mice. (A) qRT-PCR assay and (B) Western blot analysis of IL-1β. (C) qRT-PCR and (D) Western blot results of TNF-α. (E) qRT-PCR and (F) Western blot results of IL-6. (G) MCP-1 mRNA and (H) protein expression in the kidney. Values are expressed as the means ± SD (n = 4–5). *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO.
Effects of FxUD on Uric Acid Reabsorption Transporters in the Kidneys of Hyperuricemic Mice
Under-excretion of uric acid has been implicated to lead to hyperuricemia (Liote, 2003). Therefore, the renal urate transporter has become a significant physiologic target for drugs to treat hyperuricemia. Human urate transporter 1 (hURAT1) is located on the brush-border membrane of proximal tubules in the kidney. As the homolog of hURAT1, mURAT1, which has the same tissue distribution as hURAT1, participates in renal urate reabsorption and plays an important role in regulating serum uric acid alteration (Takiue et al., 2011). And mGLUT9 in mouse encoded by SLC2A9 is considered to be expressed in the apical and basolateral membrane of distal convoluted tubules and could be associated with renal urate reabsorption (Vitart et al., 2008). Therefore, we investigated whether FxUD affected renal urate transport-related proteins in PO-induced hyperuricemic mice. The changes of renal urate transporters including URAT1 and GLUT9 were analyzed (Figure 5). Our results showed that compared to the control group, the mRNA and protein expression levels of URAT1 and GLUT9 were significantly increased in hyperuricemic mice, and FxUD resulted in a significant decrease in both mRNA and protein levels of URAT1 and GLUT9 compared to PO group. The results suggested that FxUD could be a useful alternative for prevention or treatment on hyperuricemia via reducing renal reabsorption of uric acid.
[image: Figure 5]FIGURE 5 | FxUD reduces renal reabsorption of uric acid in hyperuricemic mice. (A) mRNA and (B) protein levels of URAT1 in the kidney. (C) mRNA and (D) protein levels of GLUT9 in the kidney of mice. Values are expressed as the means ± SD (n = 4–5). *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO.
FxUD Inhibits the Activation of NLRP3 Inflammasome in the Kidneys of Hyperuricemic Mice
NLRP3 (NOD-like receptor family pyrin domain containing 3) inflammasome, suggesting inflammation may be present, plays a vital role in the pathogenesis of kidney inflammation (Chen et al., 2019). The soluble urate and urate crystals have been proved to promote activation of NLRP3 inflammasome, and then trigger congenital immune against danger signals (Braga et al., 2017). In our results described above, FxUD could reduce the expression levels of inflammatory cytokine IL-1β in mice with hyperuricemia, which is downstream product of NLRP3 inflammasome pathway (Ruiz et al., 2017). On this basis, we surveyed the effects of FxUD on regulating the protein expressions of NLRP3 inflammasome signaling pathway (Figure 6). We found that the protein expression levels of NLRP3 and its downstream signaling molecules were significantly increased in the kidney tissues after treatment with PO when compared to the control group, whereas FxUD reduced these inflammatory factors in kidneys of mice with hyperuricemia suggesting that FxUD could reduce kidney inflammation through inhibiting the activation of NLRP3 inflammasome.
[image: Figure 6]FIGURE 6 | FxUD inhibits the activation of NLRP3 inflammasome in the kidney of mice with hyperuricemia. Graphic representations of the ratios (A) NLRP3/β-actin, (B) ASC/β-actin and (C) c-caspase-1/β-actin. β-actin was used as loading control. Values are expressed as the means ± SD (n = 5). *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO.
FxUD Attenuates Inflammation by Suppressing NF-κB Signaling Pathway in the Kidneys of Hyperuricemic Mice
Once xanthine oxidase produces too much uric acid, which exceeds the excretion capacity of the kidney, the uric acid that cannot be promptly excreted will deposit in the kidney, directly leading to renal injury (Zhang et al., 2019). Uric acid crystals deposited in the kidney will induce the release of inflammatory cytokines via regulating the nuclear factor-κB (NF-κB) signaling pathway, thereby exacerbate renal injury (Li et al., 2014). To explore the molecular basis of FxUD on alleviating inflammation, 9 transcriptomes including 3 controls, 3 models, and 3 treatments, respectively, were sequenced using RNA-Seq technology. Gene ontology (GO) terms were depicted in Figure 7A. The analysis showed enrichment in pathways encompassing metabolism, innate immunity, transporter, and protein binding, as well as pathways that may indicate underlying mechanism in uric acid-induced inflammatory status. Accordingly, pathway enrichment analysis of differentially genes expressions regulated by FxUD treatment compared with the model group based on the KEGG database was performed, and a bubble plot for KEGG enrichment results was generated (Figure 7B). As expected, we found that NF-κB pathway signaling was involved in the KEGG enrichment results between the model and treat group. This suggested that NF-κB was involved in general inflammatory processes. In order to clarify the intracellular signal transduction associated with uric acid-induced inflammation, we intended to verify the targets revealed by transcriptomic analysis. The involvement of NF-κB in the priming effects of uric acid was evaluated by Western blot (Figures 7C–E). The level of phosphorylated NF-κB p65 was increased by PO treatment, and this effect was reversed by FxUD. Moreover, the phosphorylation of IκBα induced by PO was reduced by the treatment with FxUD. Together, these data suggested that FxUD might exert the inhibitory effect by suppressing the activation of NF-κB signaling pathway.
[image: Figure 7]FIGURE 7 | FxUD attenuates uric acid induced inflammation by suppressing NF-κB signaling pathway in the kidney of mice with hyperuricemia. (A) Gene ontology analysis. (B) The scatter plot for KEGG enrichment results. (C) Representative Western blot bands were shown. (D) Graphic presentation of relative p-NF-κB p65 and normalized to NF-κB p65 (n = 5). (E) Graphic presentation of relative p-IκBα and normalized to IκBα (n = 5). Values are expressed as the means ± SD. *p < 0.05 vs. Ctrl, #p < 0.05 vs. PO.
Effects of FxUD on Inflammatory Cytokines and Uric Acid Reabsorption Transporters in HK-2 Cells
A proximal tubular cell line derived from normal kidney, HK-2, was used as an in vitro cell model to further study the anti-inflammatory effects of FxUD. Here, we attempted to identify whether FxUD could influence cell survival rate. The effects of FxUD on cell viability were analyzed by CCK-8 assay. HK-2 cells were incubated with FxUD of various concentrations as indicated for 24 or 48 h, respectively. And the presence of FxUD had no obvious effect on cell survival (Figure 8A). Then followed, various concentrations of uric acid (UA) were incubated to HK-2 cells for 24 h. And CCK-8 analysis illustrated that uric acid dose-dependently reduced the cell viability (Figure 8B). The subsequent parts were focused on further confirming our hypothesis that FxUD could relieve renal dysfunction through inflammation inhibition and regulating urate transport-related proteins in vitro. As shown in Figures 8C–H. In consistent with the results from animal experiments, uric acid exposure led to higher expression of inflammatory cytokines and uric acid reabsorption transporters compared to the control group. However, FxUD administration could down-regulate those proteins expressed levels in cells. The data above indicated that FxUD could suppress inflammation-associated proteins and urate reabsorption-related proteins expressions in UA-treated HK-2 cells in vitro.
[image: Figure 8]FIGURE 8 | FxUD regulates the expression of inflammatory cytokines and uric acid reabsorption transporters in uric acid-exposed HK-2 cells. (A) Changes in the viability of HK-2 cells following 24 or 48 h of treatment with chemicals at different concentrations, measured using CCK-8 assay (n = 3). (B) Cell viability after treated with various concentrations of UA for 24 h, and the following studies were performed (n = 4). (C–H) Representative Western blot bands and protein levels of IL-1β, TNF-α, IL-6, MCP-1, URAT1 and GLUT9 in HK-2 cells, respectively (n = 4). Values are expressed as the means ± SD. *p < 0.05 vs. Ctrl, #p < 0.05 vs. UA. UA, uric acid.
Effects of FxUD on NLRP3 Inflammasome and NF-κB Signaling Pathway in HK-2 Cells
As shown in Figures 9A–C, to further reveal the specific role of FxUD in NLRP3 pathway, NLRP3, ASC, cleaved-caspase-1 proteins expressions induced by uric acid treatment were also examined. Our results showed that FxUD displayed inhibitory role in NLRP3 expression under uric acid stimulation. Subsequently, the protein level of ASC was reduced, leading to cleaved-caspase-1 down-regulation. To investigate the importance of NF-κB/NLRP3 signaling in inflammation reduction in tubular cells, we treated HK-2 cells with uric acid in the absence or presence of specific NF-kB inhibitor (NF-κB SN50) and NLRP3 inhibitor (MCC950), Western blot analysis was performed to detect the changes in the levels of key proteins. As shown in Figures 9D,E, SN50 and MCC950 reduced the levels of p-NF-κB and NLRP3 in HK-2 cells exposed to uric acid. More importantly, the protein levels were also restored significantly by FxUD treatment. These results collectively demonstrated that FxUD had a potential role in alleviating inflammation response by NF-κB/NLRP3 inhibition in UA-induced HK-2 cells.
[image: Figure 9]FIGURE 9 | FxUD inhibits the activation of NLRP3 inflammasome and NF-κB signaling pathway in uric acid-exposed HK-2 cells. (A) NLRP3, (B) ASC, (C) c-caspase-1 protein levels in HK-2 cells were measured using Western blot analysis. The protein levels of (D) p-NF-κB and (E) NLRP3 in HK-2 cells exposed to UA after treatment with SN50 or MCC950. Values are expressed as the means ± SD (n = 4). *p < 0.05 vs. Ctrl, #p < 0.05 vs. UA.
The Assessment of FxUD on Cardiovascular Safety
Currently, drug-induced toxicity concluding nephrotoxicity, hepatotoxicity and cardiotoxicity is widespread. A major concern in drug development is toxicity to organs (Russell et al., 2017). Therefore, it is necessary to evaluate cardiotoxicity of the novel compound FxUD. Lactate dehydrogenase (LDH) is the commonly used indicator to assess the heart toxicity (Zhou et al., 2016). As shown in Figure 10A, serum LDH level indicated that FxUD did not exhibit cardiac toxicity compared with the control group. Meanwhile, we performed HE staining to determine the effect of FxUD on the hearts of mice (Figure 10B). Results revealed that the structure of myocardial cells was also normal, the muscle fibers were intact, and there was no inflammatory infiltration, myocardial fibrosis or myocardial necrosis. Therefore, only tentative conclusions could be drawn that FxUD was not cytotoxic on the heart and may serve as candidate drug for further investigation.
[image: Figure 10]FIGURE 10 | The effect of FxUD on cardiovascular safety. (A) The serum LDH levels. (B) Cardiotoxicity was assessed by HE staining to determine the effect on heart, no significant histological changes were noted. Magnification 200×, scale bar 20 µm. Values are expressed as the means ± SD (n = 4). *p < 0.05 vs. Ctrl.
DISCUSSION
In recent years, the prevalence of hyperuricemia has increased, and more and more young people are suffering from this disease (Yong et al., 2018). Febuxostat is more effective and safer than allopurinol, although this drug has not been on the market for a long time. However, concerns about the cardiovascular safety of febuxostat cause reconsideration of the application of febuxostat (Bardin and Richette, 2019). Therefore, the search for natural products or compounds of high efficacy and safety has important significance. In our study, targeting of the therapy of hyperuricemia, we had synthesized a new compound named FxUD on the basis of febuxostat. Nephropathy induced by hyperuricemia is a common complication of hyperuricemia. Although the pathogenesis of renal complications caused by hyperuricemia is unclear, hyperuricemia has been considered as an independent risk factor for renal disease (Balakumar et al., 2020) and has been put forward to be usually recognized as a marker of renal abnormalities (Kang et al., 2002). Recent evidences clearly suggest that the pathogenic role of high uric acid in renal dysfunction involves a variety of pathological and molecular mechanisms (Kang, 2018). Thus, this study is meaningful in that it investigates the uric acid-lowering effects of the new compound and delineates the possible molecular mechanisms by which it ameliorates renal damage induced by hyperuricemia.
Serum urate level is the representative hallmark of hyperuricemia (Ichida et al., 2012). Urate is mainly synthesized in the liver, and nearly two-thirds of urate is excreted through the kidney daily (Vitart et al., 2008). Therefore, underexcretion of uric acid can cause kidneys damage. Cr and BUN levels are the most important biochemical makers to detect abnormal renal function (Wang et al., 2018). The present study showed that FxUD dose-dependently reduced the levels of uric acid, Cr and BUN in serum, and alleviated potassium oxonate induced hyperuricemia. Simultaneously, renal histological examinations also indicated that potassium oxonate induced lesions in kidney tissues to some extent, which could be obviously reversed by FxUD treatment, which further exhibited the involvement of hyperuricemia associated with inflammatory mechanisms. In fact, increasing evidence supports the conclusion that inflammation is the major mechanism for renal injury in rodents and patients with hyperuricemia (Malik et al., 2016).
In general, the levels of uric acid in the serum are regulated by a balance between uric acid production and excretion. The higher xanthine oxidase (XOD) activity can lead to excessive synthesis of uric acid (Zhao et al., 2006). XOD is a critical enzyme involved in uric acid production, and as a result, inhibiting the activity of XOD may be a feasible and effective way of controlling hyperuricemia. Our results showed that treatment with FxUD could significantly suppress XOD levels in serum and the liver, indicating that one of the potential mechanisms of FxUD on lowering uric acid may be because of the inhibitory effect on XOD levels.
Inflammation is a vital mechanism in the occurrence and maintenance of kidney injury (You et al., 2019). We further examined the changes in the expression levels of common inflammatory cytokines in kidney tissues. The results confirmed that FxUD significant reversed the elevation of inflammatory cytokines in kidney, indicating that the nephroprotective effects of FxUD might be attributed to its anti-inflammatory effect.
The clearance of uric acid is achieved through the interaction between the reabsorption and secretion of uric acid in the kidney, and is related to a variety of transporters present in the kidney (Lee et al., 2019). Among them, URAT1 and GLUT9 are important transporters that mediate the reabsorption of uric acid and the primary targets in the development of novel anti-hyperuricemic drugs. The results revealed that oral administration of FxUD significantly decreased mRNA and protein levels of renal URAT1 and GLUT9. In addition, genome-wide association studies of serum uric acid showed that several transporters such as ABCG2 (Nakayama et al., 2011) and organic anion transporter 1 (OAT1) (Hediger et al., 2005) also play a significant role in uric acid excretion. Thus, the effects of FxUD on uric acid excretion via the kidney are worthy of further research.
It has been reported that the increase in IL-1β and IL-18 expressions is closely related to activation of the NLRP3 inflammasome pathway. Our above results also found that uric acid could induce release of IL-1β consistently with the previous studies (Nicholas et al., 2011). In addition, increasing evidence have demonstrated that oxidative stress can increase the production of oxidative enzyme and then induce an increase in ROS, thereby activate NLRP3 inflammasome signal pathway and up-regulate the expressions of pro-inflammatory cytokines (Sharma et al., 2018). The NLRP3 inflammasome complex embraces NLRP3, ASC adaptor and caspase-1. Our results showed that potassium oxonate could resulted in increased expression of NLRP3, ASC adaptor and cleaved-caspase-1 in experimental mice, and these alterations could be remarkably reversed by FxUD treatment suggesting that FxUD might alleviate kidney injury via regulating NLRP3 inflammasome signal pathway in hyperuricemic mice.
High uric acid level can stimulate NF-κB activation in primary renal proximal tubule cells (Han et al., 2007). NF-κB has long been regarded as a typical pro-inflammatory signaling pathway, mainly based on the activation of NF-κB induced by pro-inflammatory cytokines, and NF-κB acts as a master regulator of pro-inflammatory responses to modulate expressions of pro-inflammatory genes including cytokines, chemokines, and adhesion molecules, which has been fully researched elsewhere (Lawrence, 2009). During inflammatory reaction activation, increased AMPK phosphorylation enhances SIRT1 expression, and ultimately decreases NF-κB p65 acetylation and nuclear translocation. Less inflammatory cytokines release further attenuates NF-κB p65 acetylation and transport through lower NF-κB p65 inhibitory factor IκBα phosphorylation and degradation (Zhang et al., 2016). What’s more, NF-κB pathway signaling was involved in the KEGG enrichment analysis between the model and FxUD treat group. In order to clarify the specific involvement of this signal transduction mechanisms, we performed further experimental validation. In our study, the results showed that NF-κB p65 and IκBα were significantly activated in hyperuricemic mice induced by potassium oxonate, and FxUD was found to suppress renal NF-κB signaling and exerted its functions on reducing inflammation in kidney of hyperuricemic mice.
Moreover, the disturbance on NF-κB signaling and NLRP3 inflammasome was detected in uric acid-exposed HK-2 cells in vitro. Results showed that FxUD treatment was associated with reduced expressions of inflammatory cytokines and uric acid reabsorption transporters, and also demonstrated that FxUD had a potential role in suppressing inflammation response via NF-κB/NLRP3 activation in uric acid-induced cells. Finally, to assess the underlying influence of FxUD on cardiovascular and safety, we selected two common indications which were linked to cardiotoxicity, the results indicated that FxUD had no noticeable toxicity on the heart.
In summary, this study shows that the anti-hyperuricemic and anti-inflammatory effects of FxUD in potassium oxonate-induced hyperuricemic mice and HK-2 cells exposed to uric acid. The mechanisms of its anti-hyperuricemic effect may be due to its significant inhibition against XOD, down-regulation of URAT1 and GLUT9. The molecular mechanisms involved in inflammatory response in the kidney under high serum uric acid level attribute to suppression of NF-κB signaling and NLRP3 inflammasome activation (Figure 11). Results from our research provide further insights for the development of effective and safe therapeutic candidates to combat hyperuricemia.
[image: Figure 11]FIGURE 11 | Diagram of the speculative mechanism how the drug affects inflammation induced by hyperuricemia in the kidney generated using BioRender.
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Myeloid differentiation factor 88 (MyD88) is a hub protein in the Toll-like receptor signaling pathway, which acts as a master switch for numerous inflammatory diseases, including acute lung injury (ALI). Although this protein is considered as a crucial therapeutic target, there are currently no clinically approved MyD88-targeting drugs. Based on previous literature, here we report the discovery via computer-aided drug design (CADD) of a small molecule, M20, which functions as a novel MyD88 inhibitor to efficiently relieve lipopolysaccharide-induced inflammation both in vitro and in vivo. Computational chemistry, surface plasmon resonance detection (SPR) and biological experiments demonstrated that M20 forms an important interaction with the MyD88-Toll/interleukin-1 receptor domain and thereby inhibits the protein dimerization. Taken together, this study found a MyD88 inhibitor, M20, with a novel skeleton, which provides a crucial understanding in the development and modification of MyD88 inhibitors. Meanwhile, the favorable bioactivity of the hit compound is also conducive to the treatment of acute lung injury or other more inflammatory diseases.
Keywords: myeloid differentiation factor 88, computer-aided drug design, virtual screening, cryptic pocket, anti-inflammatory inhibitor, acute lung injury
INTRODUCTION
Acute lung injury (ALI) is a serious lung disease that is clinically defined as moderate or mild acute respiratory distress syndrome (ARDS). It is caused by various direct or indirect injuries of the lung parenchyma and has an approximately 40% fatality rate (Ding et al., 2020). Sepsis, the leading cause (6–42%) of ALI (Kumar, 2020), is classically activated by lipopolysaccharide (LPS) from Gram-negative pathogens (Dickson and Lehmann, 2019). It is widely known that LPS triggers inflammatory responses by activating Toll-like receptors (TLRs) (Chen et al., 2019). In the TLR signaling pathway, most of the inflammatory responses are mediated by a vital switch molecule called Myeloid differentiation factor 88 (MyD88). Currently, the main clinical treatment methods to combat lung injury diseases include drug therapy and mechanical ventilation. Although the use of protective mechanical ventilation therapy alone plays a certain role in lung protection, this treatment fails to effectively reduce the mortality of patients. Currently, anti-inflammatory drug therapy nowadays is a comprehensive treatment method for ALI/ARDS patients, which has obtained good theoretical support and preliminary research foundation. Additionally, previous studies have reported that the design of inhibitors to prevent MyD88 from self-polymerization is also a good anti-inflammatory treatment strategy (Di Padova et al., 2018).
MyD88 is a 33-kDa protein containing an N-terminal death domain and a C-terminal Toll/interleukin-1 receptor (TIR) domain, which are separated by a short intermediate domain (Chen et al., 2020). Meantime, it is also the hub protein of the TLR signaling pathway. There is emerging evidence that MyD88 can be recruited to TLR complexes as a dimer, thus affecting the signal transduction and mediating inflammation (Di Padova et al., 2018). Therefore, the use of inhibitors targeting MyD88 is considered an advanced anti-inflammatory treatment strategy. Of note, the majority of inhibitors are peptidomimetic compounds derived from BB-loop and their further modified compounds. In 2003, Loiarro et al. (2005) first developed a peptide with anti-inflammatory activity. After this, Fantò et al. (2008) designed and synthesized a series of peptidomimetic compounds using heptapeptide as a template. Then, Xie et al. (2016) reported a new skeleton of MyD88 inhibitor. Until now, no more new skeletons of MyD88 inhibitors had been reported. Currently, protein–protein interaction (PPI) is widely regarded as one of the key processes involved in the regulation of cellular mechanisms. Thus, targeting PPIs has gradually become an alternative strategy to interfere with protein activity and modify biological processes involved in the pathology of many diseases (Thabault et al., 2021). Furthermore, the strategy of inhibiting MyD88 homodimerization has also been considered to be one of the preferred directions in the development of new inhibitors (Zhang et al., 2016; Liu et al., 2018). Unfortunately, the discovery of novel MyD88 inhibitors has been progressing slowly. Hence, developing MyD88 homodimerization inhibitors for therapeutic intervention has become an urgent and challenging need.
In recent years, computer-aided drug design (CADD) has played essential roles in modern drug discovery and development (Drayman et al., 2021; Singh et al., 2021). Meanwhile, structure-based virtual screening (SBVS) is widely adopted to design and identify more bioactive compounds based on pockets in protein structures. Nevertheless, the pockets adopted in SBVS are always acquired from protein crystallization structure directly, leading to the ignorance of the dynamic properties of the target proteins. Employing molecular dynamics simulation may contribute to better understanding of the dynamic property of the protein properties and incentivize the discovery of potential cryptic pockets. This approach encourages us to go beyond the inherent limitations of screening based solely on crystallization structure to discover newer bioactive molecules.
In this study, based on the concept of inhibiting the homodimerization of the MyD88-TIR domain, 20 potential candidate compounds with novel structures were selected from a commercial library containing more than 40,000 compounds. Finally, we are very pleased to find that all of these compounds exhibit a certain anti-inflammatory activity. Of note, we preliminarily discovered a novel small-molecule inhibitor of MyD88, M20, which provides support for our predicted patterns. We conducted a deeper exploration of this compound, which will be discussed in the following sections.
MATERIALS AND METHODS
Molecular Dynamics Simulation
All molecular dynamics (MD) simulations were conducted using the AMBER16 software package (Salomon-Ferrer et al., 2013). Before simulation, systems were prepared using the LEaP module of the AMBER16 package. The ff14SB (Maier et al., 2015) was applied to describe proteins, and the GAFF2 (Wang et al., 2004) was applied to describe small molecules. Next, each system was soaked into a rectangular box with periodic boundary conditions of TIP3P water molecules with at least 10 Å distance around the proteins or complexes. Finally, appropriate chloride or sodium ions were added to maintain the electroneutrality of the simulation system. The MD simulation was completed by the pmemd module in the AMBER16 software package. The entire calculation process was divided into the following seven steps: 1) imposing a restriction force of 5.0 kcal mol−1 Å−2 on the complex or the protein, and minimizing the energy of solvent molecules; 2) A restriction force of 4.0 kcal mol−1 Å−2 was applied to the main chain of the complex or protein. Minimizing the energy of the solvent molecules and the complex or protein side chains; 3) optimizing the energy of the entire system without any restraint force; 4) heating the system gradually at constant volume from 0 K to target temperature (300, 330, and 370 K) over a coupling time of 100 ps; 5) performing 100 ps simulation to accommodate solvent density; 6) removing all restrictions, and then performing another 100 ps simulation on the entire system to relax the pressure; 7) producing the simulation with the target time in the trajectory generation stage. The dynamic trajectory obtained from the simulation will be used for further studies.
The cutoff distance of the non-bond was set to 10 Å, and the particle mesh Ewald (PME) method (Sagui and Darden, 1999) was used to manage the long-range electrostatic interaction. All covalent bonds including hydrogen atoms were restricted by the SHAKE algorithm (Kräutler et al., 2001), and the integration step length of the simulation process was 2 fs. The protein structures used here were based on the X-ray structure of the MyD88-TIR domain from the Protein Data Bank (PDB code: 4DOM, https://www.rcsb.org).
Virtual Screening Flow
The database containing the structural information of approximately 40,640 chemicals (https://enamine.net) was used for virtual screening, and the Glide module of Schrödinger suit was employed (https://www.schrodinger.com). The X-ray structure of the MyD88-TIR domain was downloaded from the Protein Data Bank (PDB code: 4DOM) for docking. The Protein Preparation module was used to preprocess the protein crystal structure. In the grid preparation process, the grid center was defined by the CA atom of residue Leu252. Then, default settings were adopted for the other settings of the binding pocket. During the docking process, the ligand was allowed to be flexible, whereas the receptor was kept as a rigid structure. The SP mode of Glide was performed to explore the appropriate binding poses in the first round of screening, and 10,000 compounds with the highest scores were selected. In the second-round screening via the XP mode of Glide, approximately 600 molecules were selected. Eventually, according to the diversity of molecules and the potential interactive mode between small molecules and the MyD88-TIR domain, 20 top-ranking molecules were selected and purchased for bioactivity assay by clustering.
Chemicals and Reagents
Compounds were obtained from Enamine with a purity over 90% (Supplementary Table S1). We used LPS (Solarbio, Beijing, China; L8880); CCK8 assay kit (Beyotime, Shanghai, China; C0038); TNF-α and IL-6 ELISA kits (Invitrogen, Carlsbad, CA, United States ); ERK (9102S), P-ERK (9101S), P38 (8690T), P-P38 (4631S), JNK (9252T), P-JNK (4668T), MyD88 (D80F5), GAPDH (2118S), rabbit IgG (7074P2), and mouse IgG (7076P2) antibodies (CST, Shanghai, China); HA antibody (Santa Cruz, CA, United States ; sc-7392); FLAG antibody (Proteintech, Wuhan, China; 20543-1-AP); Ly6G antibody (Servicebio, Wuhan, China; GB11229); F4/80 antibody (Servicebio, Wuhan, China; GB11027); and Prime Script™ RT reagent kit (Takara, Shiga, Japan; RR047A).
Preparation of the Compounds
The 20 selected compounds, including M20, were dissolved in dimethyl sulfoxide to prepare 10-mM stock solutions and then frozen at −20°C for further study. M20 had a purity of 98.14%. M20 was dissolved in 10% dimethyl sulfoxide and 90% corn oil for in vivo assay. The control group and the ALI group were given the same solvent (10% dimethyl sulfoxide and 90% corn oil).
Cell Culture and Treatment
The extraction and cultivation methods of mouse peritoneal primary macrophages (MPMs) were as described previously (Liu et al., 2021). HEK293T cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States ), and were cultured in DMEM (Gibco, Eggenstein, Germany) accompanied with 10% (v/v) FBS, 100 mg/ml streptomycin, and 100 U/mL penicillin G.
ELISA
After incubation with the compounds for 45 min, MPMs were then incubated with LPS (500 ng/ml). Compounds and LPS were incubated with cells in the next twenty-four hours. After that, the sample supernatants were collected and centrifuged at 24,000g for 10 min at 4°C. Following the manufacturer’s instructions, the TNF-α and IL-6 ELISA kits were used to detect the secretion of pro-inflammatory cytokines in the supernatant.
Quantitative Real-Time PCR
Total RNA from MPMs or lung tissues was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, United States ). The RNA concentration was measured at a ratio of 260/280 nm, and the samples with A260/A280 in the range of 1.8–2.0 were allowed for further study. Then, reverse transcription was carried out using the Prime Script™ RT reagent kit. Next, SYBR Green Super mix (Bio-Rad, Hercules, CA, United States ) was used for amplification. The primer sequences of the genes used are shown in Supplementary Table S2.
Western Blot Analysis
Proteins were extracted from cells or lung tissue using lysis buffers (Boster, Wuhan, China) with pre-added protein phosphatase inhibitors (Applygen, Beijing, China) according to the manufacturer’s instructions. The tissues were homogenized into small pieces before lysis so that the protein could be extracted fully in the lysis solution. After the lysis was completed, protein levels were determined by the BCA assay kit (Beyotime, Shanghai, China). Next, the prepared samples were separated by 10% SDS-PAGE and electro-transferred to polyvinylidene difluoride membranes. After this, the membranes were blocked with 10% milk (BD, Franklin Lakes, NJ, United States ) and then exposed to primary antibodies at 4°C overnight. The next day, the membranes were incubated with the corresponding secondary antibody. The immune complexes were visualized by enhanced chemiluminescence reagent (Bio-Rad, Hercules, CA, United States ).
Animals
Eight-week-old male C57BL/6J mice with a weight of 18–22 g were obtained from the Animal Center of Wenzhou Medical University and were given access to a chow diet and water ad libitum. Before the experiment, the mice were housed in a pathogen-free animal facility with the temperature maintained at 22–24°C under a 12-h light/dark cycle. All animal experiments were approved by the Wenzhou Medical College Animal Policy and Welfare Committee and were performed in accordance with the Code of Ethics of the World Medical Association.
These mice were randomly allotted to four groups: control group (n = 6); ALI group (n = 6); 20 mg/kg M20 pre-treated group (n = 6); and 40 mg/kg M20 pre-treated group (n = 6).
The mice were injected, intravenously (iv) through the tail vein, with LPS (15 mg/kg, 0.9% saline) or an equal volume of 0.9% saline. Mice were pre-administered with M20 intraperitoneally (ip) 6 h and 30 min before LPS injection. Six hours later, the mice were sacrificed. Finally, bronchoalveolar lavage fluid (BALF), blood samples and lung tissues were collected from the mice and stored in a refrigerator at −80°C.
Histological Assay
The lung tissues were fixed in 4% paraformaldehyde for paraffin embedding and histopathological analysis. These tissue specimens were sectioned to 4-μm-thick slices and they underwent hematoxylin and eosin staining (H&E detection kit) and immunohistochemistry (IHC) staining in accordance with the kit instructions. Images were obtained with a Nikon microscope.
BALF Analysis
We inserted a sterilized pipette tip into the trachea and then injected ice-cold PBS into the lungs. A 1-ml sample of BALF was obtained and centrifuged at 24,000 g for 15 min at 4°C. The supernatant was then taken to detect the level of inflammatory factors and the protein concentration of the lung tissue, while the lower sediment was resuspended in 30 μl PBS to determine the total number of cells in BALF (Liu et al., 2021).
Surface Plasmon Resonance Detection
A protein interaction array system (SPR Instrument, Biacore T200, GE, Connecticut, United States ) was used to detect the binding between the protein and the molecule. We used 1 × PBS (5% DMSO, 0.5% Tween 20) for sample dilution and analysis. Both 0.4 M N-ethyl-N-[3-dimethylaminopropyl]-carbodiimide and 0.1 M N-hydroxysuccinimide were used to activate the CM7 protein chip. The recombinant MyD88 protein was dissolved in 10 mM sodium acetate buffer without Tris and other amino-containing compounds. The acid salt was cured to allow for the excess N-hydroxy succinimide ester to block unreacted active sites. To detect the binding between MyD88 protein and M20, the compound M20 with different concentrations (0 μM, 1.95 μM, 3.91 μM, 7.81 μM, 15.6 μM, 31.3 μM, 62.5 μM, 125 Μm, and 250 μM), were dissolved in 1 × PBS (5% DMSO, 0.5% Tween 20) buffer and passed through the sensor chip at a flow rate of 60 μl/min. The response curves of the samples with different concentrations were all displayed after subtracting the reference flow cell. The Biacore T200 instrument analysis software was used to subtract the control value and to perform the kinetic fitting mathematical model analysis.
Co-Immunoprecipitation Assay
After protein quantification, HA antibody was added and incubated with the samples at 4°C overnight. The next day, protein A+ G agarose beads were added and incubated for 4 h before collecting protein. The agarose beads were washed with PBS and then boiled in the sample buffer. The sample was used to detect FLAG epitopes of the dimerization of MyD88 and the density of immune reaction bands was analyzed using ImageJ software.
Statistical Analysis
All experiments followed the principle of randomization and blindness. Data were expressed as the mean ± standard error of mean (SEM) as indicated. Different groups were compared with Student’s t test. Statistical analysis was performed with GraphPad Prism software (GraphPad Prism Software, San Diego, CA, United States ). p values <0.05 were considered statistically significant.
RESULTS
Study of MyD88-TIR Stability
Many of the previous MyD88 inhibitors were designed based on BB-loop peptidomimetics. However, we wanted to explore potential druggable regions in MyD88-TIR domain other than the BB-loop. On the basis of previous studies and the protein itself, it is possible that we may be able to find new inhibitors of MyD88. Therefore, here we conducted an in-depth analysis of the MyD88 protein structure (PDB code: 4DOM).
Proteins are in an irregular state of motion in most organisms. They often have highly flexible regions that can directly or indirectly determine the PPIs (Yu and Huang, 2014). As for the MyD88-TIR domain, identifying its flexible region is beneficial to understand the dynamic characteristics and polymerization mode. To capture the MyD88-TIR flexible region, in MD simulations, the protein was placed at the temperatures of 300, 330, and 370 K for 50 ns each. MD simulations were performed at higher temperatures in order to reveal more information related to protein unfolding (Yu et al., 2017). As shown in Figures 1A,B, the BB-loop (193–204 aa), αC' (231–246 aa), and αD (262–270 aa) domains were more flexible than other regions. This indicated that the BB-loop, αC′ and αD have abnormal dynamic properties.
[image: Figure 1]FIGURE 1 | Study of MyD88-TIR stability and identification of potential druggable site. (A) Root mean square fluctuations of the CA atoms for the wild-type MyD88-TIR monomer MD simulation at the temperatures of 300, 330, and 370 K. (B) The three-dimensional locations of BB-loop, αC′, and αD motif. (C) The hydrophobicity analysis, red represented hydrophobicity and white represented hydrophilicity. (D) Schematic diagram of the distance between Ala240@CA and Ile267@CA (dAla240@CA_Ile267@CA) on the MyD88-TIR domain. (E) The “Open pose” which was found in MD simulation. (F) Statistical results of dAla240@CA_Ile267@CA changes during MD simulation.
There has been a large amount of research on the effect of BB-loop motif on the polymerization of the TIR domain (Loiarro et al., 2005; Jiang et al., 2006; Ohnishi et al., 2009; Olson et al., 2015; Clabbers et al., 2021). Many of them have made successive efforts, but mostly focused on the realm of peptides derived from BB-loop and their derivatives. Hence, here we mainly focused on the αC′ and αD motifs. As shown in Figure 1C, the protein is colored by residue hydrophobicity. Motifs αC′ and αD are adjacent, and αC′ touches αD with a hydrophobic interaction. It is worth noting that αC′, αD, and βD can form a hydrophobic core here. Figure 1C shows that the residue Leu252 of βD further connects αC′ and αD via hydrophobic interaction. This finding is consistent with the previously reported L252P mutation (Zhan et al., 2016), which also affects the dynamic status of TIR. Combined with the standpoint reported by previous studies, it was found that L252P mutation can promote MyD88 polymerization (Ngo et al., 2011; Loiarro et al., 2013; Vyncke et al., 2016). A possible mechanism for the L252P mutation involves its effect on the αC′–βD–αD hydrophobic core.
Identification of a Potential Druggable Site
To verify the above hypothesis, long-time MD simulations were used to explore changes in the αC′–βD–αD hydrophobic core. Wild-type TIR, polymerization-inhibitable mutant K238A (Vyncke et al., 2016; Ve et al., 2017), and polymerization-promotable mutant L252P were subjected to 300 ns MD simulation. The stability of the αC′–βD–αD hydrophobic core was reflected by the changes in the distance between the CA atoms on the residue Ala240 and the CA atoms on residue Ile267 (dAla240@CA_Ile267@CA) during the MD simulation (Figure 1D). After this calculation, we observed that the hydrophobic core was destroyed, and a hydrophobic pocket was formed when dAla240@CA_Ile267@CA was greater than 8.5 Å (Figure 1E). All the results of MD systems are shown in Figure 1F. The dAla240@CA_Ile267@CA of WT and the K238A mutant were likely to be less than 8.5 Å during the long-time MD simulation. Especially for K238A, there was almost no conformation with dAla240@CA_Ile267@CA greater than 8.5 Å. In contrast, the L252P mutant had a relatively high probability of sampling conformation with dAla240@CA_Ile267@CA greater than 8.5 Å. This means that L252P could destroy the hydrophobic core, i.e., promote the separation of αC′ and αD. This preferred conformation brought about by the L252P mutation is very likely to be the polymer conformation, which we called “Open pose” here. The surface of αC′ and αD in the “Open pose” might directly participate in the MyD88-TIR aggregation.
In summary, based on the in-depth analysis of the MyD88 protein structure, we identified flexible regions other than the BB-loop and further discovered the hydrophobic core. The destruction of the hydrophobic core can form a hydrophobic pocket, which is a potential druggable site to discover inhibitors that block the polymerization of MyD88-TIR domain. Next, we carried out the following virtual screening.
Preliminary Discovery of a Small Molecular Inhibitor M20, Which Targets the MyD88-TIR Domain
The employment of structure-based drug design is a distinctive approach in discovering new inhibitors or drug molecules in a time-saving and cost-effective manner (Singh et al., 2021). Therefore, virtual screening was employed to sift the database of 40,640 small molecules from the Enamine library and discover those potentially inhibiting MyD88-TIR homodimerization. As shown in Figure 2A, the “Open pose” was used for structure-based virtual screening. After docking via the Glide SP/XP methods, 600 binding poses of compounds were produced with MyD88-TIR domain. All the compounds with a docking score greater than the cutoff score of −5 kcal/mol were selected for scaffold clustering through the Canvas module.
[image: Figure 2]FIGURE 2 | Preliminary discovery of a small molecular inhibitor M20, which targets the MyD88-TIR domain. (A) The druggable pocket of “Open pose” for structure-based virtual screening. (B) Workflow of screening for new MyD88 inhibitors. The concentrations of IL-6 (C) and TNF-α (D) in supernatants from MPMs that were pre-treated with 10-μM dose of compounds, followed by stimulation with 500 ng/ml LPS for 24 h and were detected by ELISA. The data were expressed as the mean ± SEM as indicated. Different groups were compared with Student’s t test. It was utilized for the statistical analysis, and significant differences were indicated as * or #. ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, and ####p < 0.0001 vs the LPS alone group.
Twenty top-ranking molecules, each of a different scaffold, were selected for purchase and assay (Supplementary Table S1; Figure 2A,B). Compounds that exhibited pro-inflammatory cytokine inhibition rate greater than 40% at 10 μM were selected for further biological activity assay. In this round of screening, the compound M20 stood out with approximately 50% inhibition rates both for TNF-α and IL-6, whereas M4, M7, M10, M13, and M19 failed to achieve more effective inhibition rates on the two indexes (Figure 2C,D).
Thus, M20 was selected as a compound with great potential for further biological activity evaluation. To provide a potential treatment for MyD88-driven inflammation, we conducted a deeper activity study on pyrazolo[3,4-b] pyridine analog M20. The chemical structure of M20 is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | M20 is a potent compound that inhibits LPS-induced inflammation in vitro. (A) The structure of M20. (B) The cell survival rates of M20 (1.25, 2.5, 5, 10, 20, 40, and 80 μM) in MPMs. The concentrations of TNF-α (C) and IL-6 (D) in supernatants from MPMs that were measured by ELISA. The TNF-α (E) and IL-6 (F) mRNA levels of MPMs that were determined by RT-qPCR. (G) The protein levels of the P-ERK, P-P38 and P-JNK that were detected by western blot. (H) Densitometric quantification was presented as the mean ± SEM (n = 3) in the lower panel. Data were expressed as the mean ± SEM as indicated. Different groups were compared with Student’s t test. It was utilized for the statistical analysis, and significant differences were indicated as * or #. ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, and ####p < 0.0001 vs the LPS alone group.
M20 Is a Potent Compound that Inhibits LPS-Induced Inflammation in Vitro
Previous studies have confirmed that LPS mainly activates the Toll-like receptor 4 (TLR4) signaling pathway (Lim and Staudt, 2013; Chen et al., 2020). Then, the intracellular TIR domain recruits MyD88, induces a signal cascade, promotes inflammation, and produces pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β. To avoid toxic effects, we first evaluated the effect of the candidate compound M20 on cell survival rates. The CCK-8 assay results showed that the survival rate of M20– pre-treated MPMs under 20 μM concentration was greater than 80%, which indicated the low toxicity of the compound (Figure 3B).
As the secretion of pro-inflammatory cytokines is the most intuitive indicator of inflammation, ELISA assay was first carried out to evaluate the function of M20 in LPS-induced MPMs. As shown in Figures 3C,D, the M20–pre-treated group showed the prominent inhibition of TNF-α and IL-6, two classical pro-inflammatory cytokines observed in the inflammatory response. The corresponding changes in mRNA levels of TNF-α and IL-6 were also seen during the LPS stimulation periods (Figure 3E–F). M20 downregulated the expression levels of the two inflammatory factors in a dose-dependent manner. At 20 μM, it exhibited favorable inhibition capability (TNF-α > 70%, IL-6 > 50%).
In addition, in order to better comprehend whether M20 would affect signal transduction under LPS stimulation, we further examined its performance in the phosphorylation of key proteins (ERK, P38, and JNK) in the MAPK signaling pathway since MyD88 is upstream of the classical inflammation pathway MAPK. Treatment of LPS-induced MPMs with M20 for 1 h resulted in a dose-dependent inhibition of ERK phosphorylation (Figures 3G,H), while the total amount of the target protein remained unchanged. The same decreasing trends were also observed in the phosphorylation levels of P38 and JNK (Figures 3G,H).
Collectively, these findings support the conclusion that M20 is a potent compound that can significantly mitigate LPS-induced inflammation in vitro.
M20 Alleviates Sepsis-Induced ALI in Vivo
To better evaluate the anti-inflammatory activity of M20 in vivo, we used the sepsis-induced ALI mice model to investigate the therapeutic capability of it. When ALI occurs, type II alveolar epithelial cells are extensively damaged, leading to decreased synthesis and activity of alveolar surfactant. These changes result in damage to the respiratory membrane, followed by alveolar collapse and pulmonary edema (Yao et al., 2017). Pathological analysis was first carried out to characterize the pathohistological appearance of the lung, which is considered one of the important phenotypes of the ALI pattern. As shown in Figures 4A,B, LPS alone led to obvious destruction of the alveolar structure and induced appearance of emphysema in connective tissue. However, when M20 was applied, the signs of lung injury were significantly alleviated (Figure 4A,B). To assess neutrophil infiltration, we detected Ly6G and F4/80—two classic neutrophils. Neutrophils, observed as brown dots in the lung interstitial area, increased significantly in ALI mice; however, this increase was markedly mitigated by the pre-treatment with M20 (Figure 4A).
[image: Figure 4]FIGURE 4 | M20 alleviates sepsis-induced ALI in vivo. (A) IHC staining was used to observe the distribution of neutrophil positive spots. (B) H&E staining was used to observe histopathological changes. The lung wet/dry weight ratio (C) and total protein content in BALF (D) were measured to evaluate pulmonary edema. (E) The total cells in BALF were measured to evaluate inflammatory infiltration. The data were presented as the mean ± SEM (n = 6). Different groups were compared with Student’s t test. It was utilized for the statistical analysis, and significant differences were indicated as * or #. ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, and ####p < 0.0001 vs the Septic lung injury alone group.
Pulmonary edema is another vital indicator of ALI, which can be measured by the wet/dry ratio of the lung tissues. As shown in Figures 4C,D, the wet/dry ratio of the lung tissues in the ALI group was increased, and it was accompanied by a significant increase in BALF protein content as well. In contrast, M20 treatment reversed the pulmonary edema. Next, we further measured the protein concentration in the alveolar lavage; it was found that the M20–pre-treated group effectively reduced the damage to the pulmonary microvascular barrier (Figure 4E).
Additionally, while detecting the pro-inflammatory cytokines of lung tissue homogenate supernatant, serum, and alveolar lavage fluid, we found that when challenged with a high dose of LPS, the levels of pro-inflammatory cytokines were elevated in ALI mice (Figures 5A–F). Moreover, the levels of the two inflammatory factors in the ALI–alone group were higher than those in the control group, which demonstrated the success of our modeling. What motivated us most was that the M20–pre-treated group successfully inhibited the release of pro-inflammatory cytokines with more than 90% inhibition rates when compared with the ALI-alone group (Figures 5C,D). Subsequently, we produced further evidence that this compound significantly reversed inflammation in the lungs of ALI mice by measuring the levels of activated ERK, P38, and JNK protein. The western blot results showed that 6 h of sepsis promoted the MAPK signaling pathway activation; however, the M20–pre-treated group showed a dose-dependent mitigation effect (Figure 5I). To further investigate the anti-inflammatory effect of M20, we detected the level of inflammatory gene fluctuations from the mice lungs. Compared with the ALI model group, the gene expression levels of TNF-α and IL-6 in the M20–pre-treated group were reduced in a dose-dependent manner (Figures 5G,H). ALI can cause peripheral neutrophils, macrophages, and other immune cells to infiltrate and accumulate in lung tissues, whereas M20 significantly improves acute pulmonary edema and the secretion of inflammatory factors, eventually preventing the trigger of the “inflammation waterfall” cascade effect.
[image: Figure 5]FIGURE 5 | M20 alleviates sepsis-induced ALI in vivo. The release levels of TNF-α (A) and IL-6 (B) in lung tissues were measured by ELISA (n = 6). The release levels of TNF-α (C) and IL-6 (D) in serum were measured by ELISA (n = 6). The release levels of TNF-α (E) and IL-6 (F) in BALF were measured by ELISA(n = 6). The mRNA levels of TNF-α (G) and IL-6 (H) in lung tissues were measured by RT-qPCR (n = 6). (I) The protein levels of the P-ERK, P-P38 and P-JNK in lung tissues that were detected by western blot. The data were expressed as the mean ± SEM as indicated. Different groups were compared with Student’s t test. It was utilized for the statistical analysis, and significant differences were indicated as * or #. ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, and ####p < 0.0001 vs the Septic lung injury alone group.
In summary, all of the above results further provide us with strong evidence that M20 is a promising candidate with a novel chemical scaffold in pre-treatment of ALI and potentially other inflammatory injuries. Next, we explored the stability of the MyD88/M20 complex and the potential binding mode.
Explore the Binding Mode of M20 and MyD88
Previous studies have proven that M20 is a bioactive molecule with great potential, but it remains unknown whether M20 could inhibit MyD88 homodimerization and thereby inhibit inflammation. Whether M20 could truly conform to the initial concept of previous modeling and screening predictions, instead of merely exhibiting anti-inflammatory activity, was still remains a mystery. Thus, SPR was used to further investigate the binding of M20 with MyD88. As we can see, M20 showed a relatively optimal binding affinity toward the MyD88 protein in a dose-dependent manner (KD = 165.1 μM, Figure 6A). To better confirm that the immunomodulatory function of M20 attributed to the inhibition of MyD88 homodimerization, co-immunoprecipitation was used to study the interactions of tag-proteins in vitro. Two plasmids encoding HA-MyD88 and FLAG-MyD88 were co-transfected into HEK-293T cells using Liposome 3,000. Western blotting showed that FLAG-MyD88 and HA-MyD88 were effectively co-expressed in HEK293T cells after 24 h (Figure 6B). Then, the transfected cells were incubated with the compound M20 for 1 h. Western blot analysis was performed 15 min after LPS induction. The results showed that M20 inhibited the formation of the MyD88-TIR domain homodimer (Figure 6C). Once the binary complex of M20 and MyD88 is formed, it interferes with the recruitment of IRAK2/IRAK4 (Sun et al., 2016) into the active site of MyD88, thereby resulting in the inability to activate the MAPK signaling pathway.
[image: Figure 6]FIGURE 6 | Explore the binding mode of M20 and MyD88. (A) SPR shows direct interactions between M20 and MyD88 in a concentration-dependent manner. (B) The transfection efficacy of HEK293T cells that were cotransfected with HA-MyD88 and FLAG-MyD88 for 24 h. (C) The effect of M20 in inhibiting MyD88 dimerization. Densitometric quantification was presented as the mean ± SEM (n = 3) in the right panel. (D) Root mean square deviation of the CA atoms in MyD88-TIR domain (gray) and heavy atoms in M20 (orange). The data were expressed as the mean ± SEM as indicated. Different groups were compared with Student’s t test. It was utilized for the statistical analysis, and significant differences were indicated as * or #. ****p < 0.0001 vs the control group; #p < 0.05, ##p < 0.01, ###p < 0.005, and ####p < 0.0001 vs the LPS alone group.
Additionally, to further investigate the binding mode of M20 with the MyD88-TIR domain, a 50 ns MD simulation under 300 K was carried out, and the docking outputs were adopted as the initial structure in this calculation. The RMSD plot of heavy atoms in M20 experienced fluctuation initially until 10 ns and then stabilized (Figure 6D). In addition, considering the stable RMSD fluctuation in the last 40 ns of the simulation, the last snapshot of the simulation trajectory was chosen as the binding mode of M20 with the MyD88-TIR domain. The pocket diagrams of M20 and MyD88 help in predicting the state of M20 in the protein, which lies in a suitable position in the large hydrophobic binding pocket formed by αC′–βD–αD (Figure 7A). The 2D-demonstrated binding mode (Figure 7B) showed a wide hydrophobic interaction surrounding M20 with some polar interactions. For visualization of the structure and its interactions, we conducted an Independent Gradient Model (IGM) analysis (Lefebvre et al., 2017) by Multiwfn (Lu and Chen, 2012) and 3D-visualized the isosurfaces and structure by VMD (Humphrey et al., 1996). The δginter isosurfaces (Figure 7C) exhibited that the main interaction of M20 with the MyD88-TIR domain is van der Waals interactions that occurred without strong repulsions between our compound and residues.
[image: Figure 7]FIGURE 7 | Prediction of the binding mechanism of M20 and MyD88. (A) The prediction of the binding mode of M20 with MyD88. M20 was depicted as orange licorice, the left region of MyD88 oligomer was colored in palegreen and the right region was colored in bluewhite. (B) The 2D-binding mode of M20 with MyD88-TIR domain. (C) The 3D-binding mode of M20 with MyD88-TIR domain with the isosurfaces of IGM and colorbar. M20 was colored in orange, and the surrounding residues of the binding pockets were colored in iceblue. The backbone of the receptor was depicted as a gray cartoon.
Apparently, the van der Waals interactions around M20 make it stably bind to the MyD88-TIR domain. With a relatively small structure, M20 can be flexibly embedded into the hydrophobic pocket, thereby changing the protein morphology and promoting MyD88 into a low-activity state. Eventually, the compound occupied most of the surface of αC′ and αD on the “Open pose” and finally achieved the purpose of inhibiting homodimerization. These results above indicated that the preferred compound, M20, could stably bind to the target protein MyD88 and owns the capability of inhibiting protein self-aggregation. At the same time, the good bioactivity of M20 demonstrated that the MyD88-targeted drug design ideas based on virtual screening to exploit more novel MyD88 inhibitors are advisable and favorable.
DISCUSSION
ALI is a severe clinical syndrome, and its common manifestation is diffuse pulmonary edema. Usually, it is characterized by an overwhelming inflammatory response leading to excessive damage of the alveolar epithelium. Among various causes of ALI, the most common is septic pneumonia caused by LPS. In LPS-induced TLR4 signaling pathway, MyD88 is a typical partner and plays an adaptor protein role in regulating the inflammatory response (Chen et al., 2020). The concept of combating with the TLR and interleukin receptor signaling, demonstrates that MyD88 inhibitors may have enormous potential in the treatment of acute and chronic respiratory diseases (Di Padova et al., 2018). Therefore, developing new types of MyD88 inhibitors is particularly significant for the treatment of ALI.
In recent years, researches on MyD88 inhibitors have mostly focused on the BB-loop, whereas from the surface of αC′ and αD in the “Open pose”, we discovered a druggable pocket based on these abnormal dynamic properties as well. Currently, studies have shown the standpoint that L252P mutation could promote the polymerization of MyD88 (Ngo et al., 2011; Loiarro et al., 2013; Vyncke et al., 2016; O'Carroll et al., 2018). It was noticed that this mutation is exactly located in the hydrophobic core of αC′–βD–αD screening pocket. Therefore, a mechanism of L252P mutation may have a significant impact on the αC′–βD–αD hydrophobic core discovered in this study. Additionally, it is the first time that this reliable and valid druggable pocket has been discovered and reported, which could be further employed in discovering inhibitors that block the polymerization of MyD88-TIR domain.
After flexibility exploration of the target protein MyD88, pocket detection, inhibitor screening, and multiple rounds of in vivo and in vitro activity tests, M20 stood out as a potential candidate to combat inflammatory diseases. M20, a novel MyD88 inhibitor with a pyrazolo [3,4-b] pyridine skeleton, which is totally different from previously reported inhibitors, such as peptidomimetic and its modified compounds. As a new type of MyD88 inhibitor, it broadens the structure developmental platform of MyD88 inhibitors. Computational chemistry, SPR, and co-immunoprecipitation assay have all demonstrated the crucial role of M20 in the inhibition of MyD88 homodimerization. Meanwhile, the release of the IL-6 inhibition rates of M20 in serum and BALF were more than 90% respectively, proving that it has great potential in combating with further MyD88-related diseases. In general, our work provides a lead compound for MyD88 inhibitors as well as a valuable novel drug candidate for LPS-stimulated inflammatory response, such as acute lung injury.
Moreover, the favorable compound shares a new pyrazolo [3,4-b] pyridine skeleton, which could be adopted as a lead compound for further chemical optimization. In the same batch of compounds, the five heterocyclic chain amide compounds M4, M7, M10, M13, and M19 also showed suitable anti-inflammatory effects. Compared with the core structure of M20, we speculate that the next step of structural modification of these candidates requires the introduction of larger heterocycles to enhance their biological activity. Overall, our data represent valuable progress in the development of MyD88 targeted drug candidates, which reveals the significant advancement in promoting the development and modification of more novel MyD88 inhibitors. Furthermore, considering that the co-crystallization structure of MyD88 and M20 has not yet been revealed, we conjecture that the preferred lead compound M20 will bind to the target protein in a more diverse form. Further studies on structural optimization and biological activities of the inhibitor are underway in our laboratory. We are committed to exploring this mechanism in more depth and will plan to report future findings.
High Lights

1. A brand-new virtual screening pocket was discovered for the first time via the exploration of αC′ and αD flexible regions, and was successfully applied.
2. Computational chemistry, SPR, and co-immunoprecipitation verified that the best hit M20 could interact with MyD88 directly and inhibited the homodimerization.
3. M20 exhibited significant anti-inflammatory activities in LPS-induced responses, especially in ALI mice model mediated by sepsis.
4. The discovery of a new skeleton, pyrazolo [3,4-b] pyridine, revealed the significant implications in the development and transformation for MyD88 inhibitors.
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COVID-19 has remained an uncontained, worldwide pandemic. Most of the infected people had mild symptoms in the early stage, and suddenly worsened or even died in the later stage which made the cytokine release syndrome (CRS) once again aroused people’s attention. CRS is an excessive immunity of the body to external stimuli such as viruses, bacteria, and nanomaterials, which can cause tissue damage, local necrosis or even death. Lipopolysaccharide (LPS) is one of the most effective CRS inducers, which can activate macrophages to release cytokines, including tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), IL- 6 and chemokines. We used RT-PCR to detect the expression of representative cytokines in mouse and human cells at different concentrations of Trichomicin, Ebosin, and 1487B after LPS stimulation. The results showed that the expression of TNF-α, IL-1β, IL-6, and CXCL10 all increased after LPS stimulation. Among the various drugs, Trichomicin had the most obvious inhibitory effect on cytokine expression in vitro, and it was further verified in vivo that Trichomicin can improve the survival rate of mice stimulated with LPS. Finally, it was proved that Trichomicin inhibited the Stat3 and NF-κB pathways and reduced the phosphorylation of Stat3 and p65 after LPS stimulation, thereby inhibiting the response of macrophages to pro-inflammatory stimuli. The article clarified the inhibitory activity and mechanism of action of Trichomicin on CRS, and laid the foundation for the research on the anti-cytokine storm activity of microbial natural products.
Keywords: cytokine storm, Trichomicin, microbial natural products, LPS, COVID-19
INTRODUCTION
Coronavirus disease 19 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). WHO declared a COVID-19 pandemic in January 2020. The virus rapidly spread across the world through travelers and the number of world-wide cases has exceeded 72 million with over one million deaths as of December 14, 2020 (Chung et al., 2021). Most of patients have mild symptoms, but a significant proportion of patients have developed a severe acute hyperimmune response characterized by cytokine storm (Caricchio et al., 2021). It includes systemic hyperinflammation, acute respiratory distress syndrome (ARDS) and multiorgan failure. In fact, the ultimate culprit is not caused by the virus itself, but the body’s own immune system that the virus intervenes, and its excessive immune response brews into a cytokine storm, which causes the dysfunction of the body’s organs. This is one of the important reasons that cause the sudden increase in the condition of the new crown infection and even the death (Shinya et al., 2012; Casadevall and Pirofski, 2014).
Cytokine storm, also known as cytokine release syndrome (CRS), is an excessive and uncontrollable release of inflammatory cytokines and chemokines, leading to a self-balancing detrimental process, and is considered to be a major cause of COVID-19 disease severity (Coperchini et al., 2021). It has been shown that several cytokines such as IL-6 and IL-1 are involved in the severity of COVID-19 disease (Kim et al., 2021). The elevated serum levels of IL-6 in COVID-19 patients and its circulating levels are positively correlated with the severity of disease, indicating that IL-6 plays a key role in the pathogenesis of CRS (McGonagle et al., 2020; Ragab et al., 2020; Zhang et al., 2020).
In CRS, the three most important cytokines in the IL-1 family are IL-1β, IL-18 and IL-33, in which IL-1β cytokine has been studied the most (Ye et al., 2020). IL-1β plays a pro-inflammatory role in recruiting immune cells and inducing secondary cytokine production, leading to an acute phase response. Coperchini et al. proposed that COVID-19 patients have high levels of the pro-inflammatory cytokines IL-1β, IL-6, TNF-α, INF-γ and chemokines CXCL10, CXCL9 levels (Coperchini et al., 2020). In addition, circulating levels of CXCL10 are elevated at admission and remain high during disease progression (Coperchini et al., 2021). Various cytokines promote or inhibit the expression of each other in the body, forming a complicated cytokine regulatory network (Zhang et al., 2013a). However, when body is severely infected, the balance between immune-promoting and immune-inhibiting mechanisms promoted by cytokines will be broken, which may result in CRS, a leading cause of death of COVID-19 patients (Ragab et al., 2020). Therefore, suppression of CRS can effectively prevent the aggravation of COVID-19 patients.
At present, there is no specific treatment for CRS and ARDS in clinical practice, and treatment measures such as administration of anti-infective drugs, glucocorticoids, and artificial ventilation assistance are mostly used. IL-6 antagonists such as tocilizumab and stutuzumab can block downstream signal transduction through receptor binding, effectively controlling CRS without affecting the efficacy of CAR-T cells (Maude et al., 2014; Wang et al., 2018a). Glucocorticoids can combine with corticosteroid binding protein and albumin to form a complex, and a small amount of free hormones diffused through the cell membrane to bind to the glucocorticoid receptor in the cytoplasm, and enters the nucleus to induce or inhibit the expression of inflammation-related genes and exert anti-inflammatory effects (Zhang and Jiang, 2015). Cytokine blockers such as Etanercept and Anakinra can also bind to their targeting cytokines to inhibit CRS (Zou et al., 2017; Giavridis et al., 2018; Norelli et al., 2018). In addition, catecholamine modulators such as atrial natriuretic peptide and α-methyltyrosine (Staedtke et al., 2018), sphingosine analogs such as Siponimod (Zhang et al., 2013a), Ulinastatin (Tao et al., 2017) and the plasma of recovered patients also show varying therapeutic potential for CRS. However, among the above-mentioned drugs, cytokine blockers have single target, and glucocorticoids may cause side effects such as double infection and diabetes, osteoporosis and high blood pressure. Therefore, the development of new drugs that effectively inhibit CRS has become an urgent need.
Ebosin is a novel exopolysaccharide (EPS) isolated from the fermentation culture of Streptomyces sp. 139 (Zhang et al., 2016). Preliminary pharmacodynamic research showed that Ebosin has significant therapeutic effect in rat type II collagen-induced arthritis (CIA) models and adjuvant rheumatoid arthritis animal models. Following its treatment, the expression level of IL-1β and TNF-α decreased significantly in vivo, indicating that the inhibitory effect of Ebosin on rheumatoid arthritis may be attributed to the reduced levels of related inflammatory cytokines (Zhang et al., 2013b; Zhang et al., 2016). Trichomicin is a small molecule compound with new structure isolated from Trichoderma harzianum (T. harzianum) in our laboratory (Zhu et al., 2020). Early in vitro studies confirmed that Trichomicin has significant anti-inflammatory and anti-tumor activities, and inhibits the growth of colon tumor (Qi et al., 2011; Zhao et al., 2020). Furthermore, our laboratory also used the anti-inflammatory model to screen the new structure small molecule compound 1487B. Pharmacodynamic studies showed that 1487B has a significant inhibitory effect on the acute inflammation model of mouse ear swelling (Ma et al., 2015). The above results suggest that Ebosin, Trichomicin and 1487B may have anti-inflammatory activities, and we speculate that they may also have an inhibitory effect on CRS.
Lipopolysaccharide (LPS) is one of the most effective CRS inducers. It can activate monocytes/macrophages to release cytokines, including tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), IL-6, chemokines, and other inflammatory cytokines (Cavaillon, 2018). Not only that, LPS can induce sepsis and toxic shock syndrome in mice. Therefore, relevant research always uses LPS to induce the release of pro-inflammatory cytokines in both in vivo and in vitro models. In this study, we used LPS to stimulate cells or mice, and used RT-PCR and western blot methods to conduct a preliminary study to compare the anti-cytokine storm activities of Trichomicin, Ebosin and 1487B, and further discuss their possible mechanisms of action. This study aims to lay the foundation for the research on the anti-cytokine storm activity of a variety of microbial natural products.
MATERIALS AND METHODS
Materials
Ebosin (50 mg/ml), 1487B (20 mM) and Lipopolysaccharide (LPS, 1 mg/ml, Beyotime, China) were dissolved in Phosphate-Buffered Saline (PBS, Corning, Manassas, United States). Filtered through a 0.22 μm filter, they were stored at −80°C until use. Trichomicin (4 mM) and PMA (10 mM, Sigma, GER) were dissolved in DMSO, and were further diluted with medium (for cell assays). Sodium carboxymethyl cellulose (CMC-Na, Selleckchem, United States) was dissolved in double distilled water at 0.5 mg/ml and used as a solvent for animal experiments.
Cell Lines and Culture
RAW264.7, NR8383, J774A.1 and THP-1 cells were purchased from Cell Resource Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (CAMS, Beijing, China). U937 and HL-60 cells were derived from Beijing BeNa Culture Collection (BNCC) Biotechnology Company. RAW, J774A.1 and NR8383 cells were conventionally cultivated in Dulbecco ҆s modified Eagle medium (DMEM) with high glucose (Corning, Manassas, United States). THP-1 and U937 cells were routinely cultivated in RPMI 1640 medium (Corning, Manassas, United States). HL-60 cells were routinely cultivated in Iscove’s modified Dubecco’s medium (IMDM, Corning, Manassas, United States). The media were supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, United States) and antibiotics (penicillin and streptomycin, 100 U/mL) (Corning, Manassas, United States) under standard conditions (37°C, 5% CO2).
To generate macrophage-like differentiated cells, THP-1, U937 and NR8383 cells were incubated with 160 nM PMA, HL-60 cells were incubated with 1.25% DMSO at 37°C for 24 h (Aldo et al., 2013). After incubation, the PMA/DMSO-containing medium was removed and replaced with medium for subsequent experiments.
Experimental Animals
Female BALB/c mice of bodyweight 18–22 g were purchased from Beijing Huafukang Biotechnology Co., Ltd., allowed to acclimate to a new SPF surrounding (temperature: 22 ± 2°C, humidity: 40–60%, light/dark cycle: 12 h) for 1 week, with food and water supplied ad libitum. Animal experimental protocols were performed under NO. IMB-20210601D701 according to the Chinese National Guidelines for the Care and Use of Laboratory Animals and approved by the Animal Experimental Ethics Committee of Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College.
Cell Viability Assay
The sensitivities of the cell lines RAW, NR8383, THP-1 and HL-60 to Trichomicin, Ebosin and 1487B compounds were evaluated by MTT assay. Each cell line was seeded in a 96-well plate. After 24 h incubation, the medium was changed and Trichomicin/Ebosin/1487B was added to cell culture medium with different concentrations. The cells were cultured for 72 h, supplemented with 10 μl MTT (Boster, Wuhan, China) solution, and incubated for another 4 h, after which the medium was removed and 100 μl of DMSO was added. Finally, the absorbance at 570 nm of each well was measured with a Victor X5 multi-label microplate detector (PerkinElmer, MA, United States).
RNA Purification, cDNA Synthesis, and Real-Time Reverse Transcription PCR (RT-PCR)
Total mRNA was extracted from cells with TRIzol Reagents (TransGen Biotech, Beijing, China), and was transcribed into cDNA with TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix according to the manufacturer’s instructions. The amplification protocol consists of an initial step of 30 s at 94°C followed by 45 cycles of 5 s at 94°C and 30 s at 60°C on a Bio-Rad CFX96 (Bio-Rad, United States) using PerfectStart Green qPCR SuperMix (TransGen Biotech, Beijing, China). The relative expression levels were normalized to gapdh level using the 2−∆∆CT method. The primer sequences are listed in Table 1.
TABLE 1 | The primers used for RT-PCR.
[image: Table 1]Western Blot
Total protein samples of cells were prepared by RIPA buffer (Boster, China) with phosphatase inhibitor (1:1,000, Applygen, Beijing, China) on ice-bath for 1 h. The supernatant was collected by centrifugation at 14,000 rpm for 20 min at 4°C, and the protein concentration was measured by a BCA protein assay kit (Applygen, Beijing, China). The protein samples were loaded to an 10% SDS-PAGE gel and was transferred to a PVDF membrane. The PVDF membranes were blocked with 5% (w/v) skimmed milk powder in TBST for 2 h, and were subsequently incubated with primary anti-phospho-NF-κB p65 (#3033, Cell Signaling Technology, Boston, United States), anti-NF-κB p65 (#8242, Cell Signaling Technology, Boston, United States), anti phospho-Stat3 (#9145S, Cell Signaling Technology, Boston, United States), anti Stat3 (#JA9179, Calbiochem, NJ, United States), anti-phospho-IKKα/β (#2697, Cell Signaling Technology, Boston, United States), anti-IKKβ (#8943, Cell Signaling Technology, Boston, United States) and anti GAPDH (AMM04703G, Santa Cruz Biotechnology, Beijing, China) at 4°C overnight. Then the membranes were washed with TBST and were incubated with secondary HRP-conjugated goat anti-rabbit or antimouse IgG antibody (1:10,000) for 2 h at room temperature. The blots were detected with an enhanced chemiluminescence method on a Bio-Rad Gel imaging system (733BR-2008, Bio-Rad, CA, United States) and were analyzed by ImageJ software.
Model and Animal Treatment
In the LPS-induced inflammation model, mice were randomly divided into four groups (n = 8): placebo (CMC-Na) group, LPS only model group (4 mg/kg), LPS with Trichomicin low dose (15 mg/kg) and high dose (30 mg/kg) treatment groups. Placebo and Trichomicin groups were applied intragastrically from day 1 to day 14. At day 8, mice within the model group and treatment group were intraperitoneally injected with LPS (4 mg/kg) 1 h after administration to establish the model. The changes in the weight of mice were monitored and their survival were observed every day. All mice were euthanized at day 14.
Statistical Analysis
All data were analyzed using Graph Pad Prism 8.4.2 (Graph Pad Software, Inc., San Diego, CA) and presented as mean ± SD of at least three independent experiments. Differences between two groups were evaluated using Student’s t test. p < 0.05 was considered to be statistically significant, p < 0.01 was considered to be highly statistically significant, p < 0.001 was considered to be extremely statistically significant.
RESULTS
Expression of Cytokines in Mouse and Human Macrophages Induced by Lipopolysaccharide
In order to observe the effect of LPS on the expression of different cytokines in mouse and human cells, we used LPS to induce RAW, NR8383, J774A.1, THP-1, U937, and HL-60 cells, and then RT-PCR to quantitatively analyze the expression of IL-1β, TNF-α, IL-6, and CXCL10. Preliminary analyses of cytokine expressions induced by LPS showed that the concentration of 100 ng/ml for 4 h was most significant (data not shown). For mouse RAW and NR8383 cells the mRNA expression levels of IL-1β, TNF-α, IL-6 and CXCL10 cytokines increased significantly after LPS stimulation (p < 0.01), especially IL-6 and IL-1β. However, in J774A.1 cells, except for CXCL10, the changes in other cytokines were not obvious (Figures 1A–C). For human THP-1 and HL-60 cells, the mRNA expression levels of the four cytokines all increased significantly after LPS stimulation (p < 0.01). But in U937 cells, the expression levels of various cytokines had almost no significant changes compared with the control (Figures 1D–F). The above data suggested that LPS induced a significant increase in cytokine levels in human and mouse macrophages, and the changes in cytokine levels in mouse cells were more obvious.
[image: Figure 1]FIGURE 1 | LPS stimulated cytokine expression in mouse and human macrophages. RT-PCR quantification of TNF-α, IL-6, IL-1β, and CXCL10 mRNA expression in RAW (A), NR8383 (B), J774A.1 (C), THP-1 (D), HL-60 (E) and U937 (F) cells stimulated with LPS. (mean ± SD, n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Control group.
Effects of Trichomicin, Ebosin, and 1487B on the Cytotoxicity of RAW, NR8383, HL-60, and THP-1 Cells
To further explore the anti-cytokine storm activity of Trichomicin, Ebosin and 1487B, cell viability assay was performed. Cell lines sensitive to LPS induction, including Raw, NR8383, THP-1 and HL-60, were selected. The cells were cultured with Trichomicin (0, 1, 2, 3, 4, 5, 10, 20 μM), Ebosin (0, 1.6, 3.1, 6.3, 12.5, 25, 50, 100 μg/ml) and 1487B (0, 6.3, 12.5, 25, 50, 100, 200, 400 μM) for 72 h, and cell viability was determined by MTT assay. As shown in Figure 2, within the experimental concentrations, Ebosin and 1487B were almost non-toxic to the four cells. However, 20 µM of Trichomicin was toxic to cells, and 10 µM of Trichomicin was slightly toxic to cells, so the Trichomicin concentration in subsequent experiments should be lower than 10 µM.
[image: Figure 2]FIGURE 2 | Effects of Trichomicin, Ebosin and 1487B on the viability of RAW, THP-1, NR8383, and HL-60 cells. (A) MTT assay of viability in the cells treatment with 1, 2, 3, 4, 5, 10, and 20 µM Trichomicin. (B) MTT assay of viability in the cells treatment with 1.6, 3.1, 6.3, 12.5, 25, 50, and 100 µg/ml Ebosin. (C) MTT assay of viability in the cells treatment with 6.3, 12.5, 25, 50, 100, 200, and 400 µM 1487B. (mean ± SD, n = 6).
Cytokine Transcription Levels in RAW, NR8383, HL-60 and THP-1 Cells Were Inhibited by Trichomicin, Ebosin and 1487B
Cytokines such as IL-1β, TNF-α, IL-6, and CXCL10 are central players in CRS, thus we further investigated the effects of Trichomicin, Ebosin and 1487B on the expression of these cytokines in different macrophages. Based on the results induced by LPS (Figure 1), RAW, NR8383 mouse cells and THP-1, HL-60 human cells were selected for the experiment. According to the results of the cell viability assay (Figure 2), maximum concentrations of Trichomicin, Ebosin, and 1487B were 8 μM, 12,800 ng/ml and 400 μM, respectively. The cells were treated with Trichomicin, Ebosin, and 1487B for 30 min, and then stimulated with LPS for 4 h. Then RNA was extracted, and the expression of IL-1β, TNF-α, IL-6 and CXCL10 was quantitatively analyzed by RT-PCR after reverse transcription.
As shown in Figure 3, Trichomicin had a significant inhibitory effect on the expression of TNF-α, IL-6, IL-1β and CXCL10 in a dose-dependent manner, with the exception of IL-1β in NR8383 and CXCL10 in THP-1. Among them, Trichomicin had the most significant inhibitory effect on the TNF-α and IL-6 factors of RAW and NR8383 mouse cells, especially RAW cells. In RAW cells stimulated with LPS, the expression of TNF-α mRNA was decreased to 6.0 ± 0.2 (p < 0.001), 5.9 ± 0.2 (p < 0.001), and 3.0 ± 0.5 (p < 0.001), and the expression of IL-6 mRNA was decreased to 601.9 ± 6.4 (p < 0.001), 401.5 ± 8.7 (p < 0.001), and 243.8 ± 11.5 (p < 0.001) in response to 2, 4, and 8 μM Trichomicin, respectively. Compared with RAW cells stimulated by LPS, the expression of TNF-α was reduced by 15.3 times and the expression of IL-6 was reduced by 11.2 times in cells treated with 8 μM of Trichomicin. Similarly, Ebosin had a significant inhibitory effect on the four factors in mouse cells, all of which are statistically significant (Figure 4). Obviously, the IL-6 expression level in NR8383 cells treated with the maximum concentration of Ebosin was 482.6 times lower than cells treated with LPS (Figure 4B). Furthermore, the expression levels of TNF-α and IL-6 in all cells tend to decrease with the increase of 1487B concentration, but not significant (Figure 5).
[image: Figure 3]FIGURE 3 | Trichomicin inhibits the expression of TNF-α, IL-6, IL-1β, and CXCL10 in macrophages. RT-PCR quantitation of TNF-α (A), IL-6 (B), IL-1β (C) and CXCL10 (D) mRNA expression in RAW, NR8383, THP-1, and HL-60 cells stimulated with LPS (100 ng/ml) following treatment with 2, 4, and 8 µM Trichomicin. (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. LPS-induced group.
[image: Figure 4]FIGURE 4 | Ebosin inhibits the expression of TNF-α, IL-6, IL-1β, and CXCL10 in macrophages. RT-PCR quantitation of TNF-α (A), IL-6 (B), IL-1β (C) and CXCL10 (D) mRNA expression in RAW and NR8383 cells stimulated with LPS (100 ng/ml) following treatment with 20, 800, and 12,800 ng/ml Ebosin, and in THP-1 and HL-60 cells stimulated with LPS (100 ng/ml) following treatment with 500, 1,000, and 5,000 ng/ml Ebosin. (mean ± SD, n = 3) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. LPS-induced group.
[image: Figure 5]FIGURE 5 | 1487B inhibits the expression of TNF-α, IL-6, IL-1β, and CXCL10 in macrophages. RT-PCR quantitation of TNF-α (A), IL-6 (B), IL-1β (C) and CXCL10 (D) mRNA expression in RAW and NR8383 cells stimulated with LPS (100 ng/ml) following treatment with 50, 200, and 400 µM 1487B, and in THP-1 cell stimulated with LPS (100 ng/ml) following treatment with 12.5, 50, and 100 µM 1487B, and in HL-60 cell stimulated with LPS (100 ng/ml) following treatment with 12.5, 25, and 50 µM 1487B. (mean ± SD, n = 3) *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS-induced group.
In summary, the three drugs had obvious inhibitory effects on the expression of TNF-α and IL-6 in all cells, of which Trichomicin was the most significant. It was also found that the three drugs inhibited the expression of cytokines in mouse cells in a more significant manner. Therefore, we believe that the three drugs have inhibitory activity on the cytokine storm caused by LPS, of which Trichomicin is the one with best activity.
Effect of Trichomicin on Mortality and Weight Changes in a Mouse Model
According to the results of the RT-PCR experiment, the three drugs inhibited various cytokines in mouse cells, and the inhibition of Trichomicin was the most obvious. We further explored the inhibitory activity of Trichomicin in vivo. After preliminary dose exploration, 4 mg/kg LPS was used for modeling, and Trichomicin at 15 and 30 mg/kg were used in the low-dose and high-dose treatment groups. As shown in Figure 6, both low-dose and high-dose of Trichomicin reduced the mortality of mice compared with the control, and high-dose of Trichomicin was more effective. In addition, following treatment with LPS, the body weight of mice within the model and Trichomicin treatment groups were significantly lower than that of the blank control, and their body weight were gradually recovered after 3 days of treatment.
[image: Figure 6]FIGURE 6 | Trichomicin protected mice from LPS challenge. (A) Overview of studies investigating the use of Trichomicin as a therapeutic for LPS infection. BALB/c mice were challenged with 4 mg/kg of LPS. Mice received a 14-day’s intragastrically treatment of Trichomicin or placebo. (B) Survival rate within the 14 days’ study. (C) Weight changes during the 14 days.
Trichomicin Downregulates Lipopolysaccharide–Induced NF-κB Pathway Activation and Blocks Basal Stat3 Phosphorylation in Macrophages
Macrophages have historically been considered to be the main source of IL-6 and TNF-α. To further elucidate the role of Trichomicin in the CRS, we evaluated signaling transduction pathways associated with TNF-α and IL-6 expression in macrophages by immunoblotting. Due to the fact that Trichomicin inhibited the expression of cytokines in mouse cells more significantly, we decided to use RAW and NR8383 mouse cells in this assay. Followed by a 4 h’s stimulation with LPS, macrophages were preincubated with various concentrations of Trichomicin for 30 min, and then the phosphorylation of NF-κB p65, IKKα/β and Stat3 were analyzed. The results showed that phosphorylation of Stat3 and phosphorylation of NF-κB p65 were significantly inhibited by treatment with 4 and 8 μM Trichomicin (p < 0.05) (Figure 7). It can be concluded that Trichomicin inhibited the NF-κB and Stat3 pathways, and then inhibited the response of macrophages to pro-inflammatory stimuli.
[image: Figure 7]FIGURE 7 | Western blot analysis of LPS-induced NF-κB p65, IKKα/β and Stat3 phosphorylation in NR8383 (A,C) and RAW (B,D) cells treated with Trichomicin. (mean ± SD, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. LPS-induced group.
DISCUSSION
The cause of cytokine storm is generally considered to be the overreaction of immune system to new and highly pathogenic pathogens, that is, the imbalance of immune regulatory network. The lack of negative feedback and the continuous self-amplification of positive feedback make a variety of cytokines abnormally increasing, eventually leading to single or multiple organ damage, functional failure and death. As early as 1989, in the clinical application of the anti-T cell antibody OKT3, it was discovered that following the first treatment, patients would have a series of uncomfortable symptoms such as elevated body temperature, headache, nausea, and releasement of a large number cytokines. These symptoms will be relieved following glucocorticoid treatment, and the concept of CRS has also been formally put forward (Chatenoud et al., 1989). The CRS caused by SARS infection in 2003 would cause multiple organ failures, resulting in extremely high mortality rates, thus has attracted more attention (de Jong et al., 2006). This COVID-19 epidemic has pushed the research of CRS to a climax, making it a key research direction.
When the body is infected or traumatized, its immune system produces immune response to eliminate or destroy antigens. When a pathogen invades the body, the innate immune system first takes effect. Epithelial cells infected by the pathogen produce a small amount of cytokines such as IFN-α/β, IL-1β, IL-8, etc. NK cells stimulated by IFN-α/β release a small amount of INF-γ to activate macrophages, and activated macrophages release large amounts of IL-6, TNF-α, IL-12 and other cytokines, which in turn activate NK cells. Therefore, “positive feedback” is formed between NK cells and macrophages, and cytokines being released increase drastically (Wang et al., 2018b). At the same time, pathogens are processed by the innate immune system and are recognized as antigens, and the adaptive immune system composed of B cells and T cells begins to play a role. A large amount of IL-12 and IFN-γ cytokines released by T-helper-1 (Th1) cells not only stimulate their own division and proliferation, but also stimulate the activation of macrophages to further activate the innate immune system, which can also generate “positive feedback” (Shimabukuro-Vornhagen et al., 2018). Normally, once the body controls the invading pathogen under the regulation of “positive feedback,” the signal presented by the antigen to the adaptive immune system is weakened, the release of cytokines begins to decrease, and the inflammatory response gradually gets weakened, resulting in “negative feedback.” Moreover, there are some inhibitory cytokines in the immune system, such as IL-10, TGF-β, and sphingosine 1-phosphate (S1P), which act on vascular endothelial cells to regulate excessive immune response and carry out “negative feedback” regulation on the body (Tisoncik et al., 2012). However, when the body is attacked by a violent virus such as COVID-19, the human immune system will release a large amount of cytokines under the action of “positive feedback,” and the cytokine signals will be extremely amplified. The body’s “negative feedback” regulation is too weak and too late, which will lead to an imbalance in the body’s immune regulatory network, causing a CRS and worsening the disease.
LPS enters the cell by binding to receptors such as CD14 and Toll-like receptor 4 (TLR4) located on the membrane of monocytes/macrophages. A series of enzymatic reactions are activated through signal transduction pathways to promote activation or translocation of transcription factors into the nucleus, thereby regulate the expression of many genes (Zhang and Cao, 2003). Specifically, TLR4 activates host defenses by rapidly triggering the inflammatory response in the LPS recognition pathway, transferring to CD14 and presenting LPS to the TLR4-MD2 complex, thereby dimerizes from the plasma membrane and initiates the TIRAP-MyD88-dependent pathway, leading to NF-κB activation. NF-κB activation is essential for maintaining NF-κB-dependent transcription of genes encoding inflammatory cytokine, especially in macrophages (Granucci, 2018). Subsequently, it induces the phosphorylation of nuclear transcription factor-κB (NF-κB) p65 protein and its IKKα in the Stat3 signaling pathway, leading to the production of tumor necrosis factor (TNF)-α, interleukin (IL-1β and IL-6) cytokines and chemokines (Zusso et al., 2019). Being injected with LPS, most tissues and organs can be activated to produce pro-inflammatory factors, and monocytes/macrophages are the main secreting cells of these factors. For example, rats were injected with LPS or E. coli, and in situ analysis showed that a large amount of IL-α and IL-β were produced in the spleen (Ge et al., 1997). The bone marrow mononuclear cells of mice treated with endotoxin showed overexpression of TNF-α (Schmauder-Chock et al., 1994). Chensue et al. found that in the LPS-induced sepsis mouse model, liver Kupffer cells were a major source of TNF and IL-1 production (Chensue et al., 1991). In this study, it was confirmed that after macrophages were stimulated by LPS, RT-PCR showed that the mRNA expression of TNF-α, IL-1β, IL-6 and CXCL10 in the cells was increased.
Other cytokines, such as MIP-1 and CRP, which also are the major underlying factors of CRS. CCL3 (MIP-1alpha), CCL4 (MIP-1beta), CCL9/10 (MIP-1delta) and CCL15 (MIP-1gamma) were produced by many cells, especially macrophages, dendritic cells and lymphocytes. MIP-1 proteins, which act via G-protein-coupled cell surface receptors (CCR1, 3, 5), expressed by lymphocytes and monocytes/macrophages, are best known for their chemotactic and proinflammatory effects but can also promote homoeostasis. Moreover, CRP, ferritin, and procalcitonin are sensitive markers of COVID-19 disease in the acute phase. The elevated CRP level of COVID-19 patients is strongly correlated with disease severity and prognosis. The severity of COVID-19 can be assessed by detecting inflammatory biomarkers, including high levels of IL-6 and plasma CRP, and the release of these factors is closely related to ARDS. In addition, high levels of CRP and procalcitonin in the serum are also the main factors for poor prognosis.
Our study proves that Trichomicin, Ebosin and 1487B inhibited the expression of TNF-α, IL-1β, IL-6 and CXCL10 factors in mouse macrophages in varying degrees, while Trichomicin is the most effective one (Figures 3–5). Subsequent western blot experiments found that Trichomicin inhibited the Stat3 and NF-κB pathways and reduced the phosphorylation of Stat3 and p65 following LPS stimulation (Figure 7). Through comparison, the anti-cytokine storm activity of Trichomicin was significantly stronger than that of entecavir (Su et al., 2020). Trichomicin also showed good oral absorption and rapid uptake (Zhu et al., 2020). In addition, Scarneo et al. have proved that the new TAK1 inhibitor Takinib could inhibit the response of macrophages to pro-inflammatory stimuli. Also, Takinib reduced the phosphorylation of downstream proteins p-38, c-Jun, and NF-κB following LPS stimulation (Scarneo et al., 2018). Liu et al. established a U937 cell model based on human monocytes for high-throughput anti-influenza drug screening. Expression of three cytokine indicators CCL2, CXCL10 and viral NA were selected to screen immunomodulators and antiviral agents for the treatment of influenza. It was verified that at cellular level, the NF-κB pathway mainly regulates the expression of IL-6, IL-8, TNF-α, CCL2, CCL3, and CCL5 (Liu et al., 2019). On the other hand, in vivo studies have found that Clopidogrel, Sarpogrelate and Cilostazol all had inhibitory effects on the expression of TNF mRNA in the blood after LPS stimulation. Further study of the mechanism found that Cilostazol attenuated TNF-mediated phosphorylation of MAPKs and NF-κB p65 (Lee et al., 2020). LMT-28 could alleviate arthritis and acute pancreatitis in mice, reduce the secretion of TNF-α in serum, and inhibit IL-6-induced phosphorylation of Stat3, gp130 and JAK2 proteins (Hong et al., 2015). The above findings corroborate the results of this article, i.e., the phosphorylation of downstream Stat3 and p65 following LPS stimulation can be reduced by agents, eventually inhibits CRS. Based on these results, two indicators of IL-6 and TNF-α have been selected to establish a RAW cell model for the screening of anti-cytokine storm activity. The results of the three drugs purified in our laboratory show that Trichomicin has the best activity.
In summary, we used RT-PCR to detect the expression of representative cytokines in mouse and human cells treated with different concentrations of Trichomicin, Ebosin and 1487B following LPS stimulation. The results showed that the expression of TNF-α, IL-1β, IL-6, and CXCL10 in both cell lines increased after LPS stimulation, and the three drugs inhibited the expression of various factors to varying degrees. Trichomicin had the most obvious inhibitory activity on the expression of cytokines, and the change of cytokine expression is more significant in mouse cells. We subsequently verified that Trichomicin can improve the survival rate of mice treated with LPS, and the survival rate of high-dose group is higher. Furthermore, our research on the mechanism of Trichomicin inhibiting cytokine expression in mouse cells showed that Trichomicin inhibited the Stat3 and NF-κB pathways, thereby inhibiting the response of macrophages to pro-inflammatory stimuli.
The article clarifies that the inhibitory activity of the three drugs on CRS and its mechanism of action have important scientific significance and application value, which lays a foundation for the screening of anti-cytokine storm activity from microbial natural products. Although it was reported that blocking cytokine signaling may impair clearance of influenza virus, increase the risk of secondary infections, and lead to worse outcomes (Koch et al., 2018), until now we found no reports that blocking cytokine signaling may impair clearance of SARS-CoV-2. Trichomicin has the potential to be developed as a treatment for COVID-19, however, we will maintain sustained attention about secondary infections of SARS-CoV-2 after blocking cytokine signaling.
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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.
Keywords: autophagy, irradiation-induced intestinal injury, NLR pyrin domain 3, micheliolide, pyroptosis
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.
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NLRP3 inflammasome is involved in the pathology of multiple human inflammatory diseases but there are still no clinically available medications targeting the NLRP3 inflammasome. We have previously identified RRx-001 as a highly selective and potent NLRP3 inhibitor, however, it contains high-energy nitro functional groups and may cause potential processing problems and generates highly toxic oxidants. Here, we show that compound 149-01, an RRx-001 analogue without high-energy nitro functional groups, is a potent, specific and covalent NLRP3 inhibitor. Mechanistically, 149-01 binds directly to cysteine 409 of NLRP3 to block the NEK7-NLRP3 interaction, thereby preventing NLRP3 inflammasome complex assembly and activation. Furthermore, treatment with 149-01 effectively alleviate the severity of several inflammatory diseases in mice, including lipopolysaccharide (LPS)-induced systemic inflammation, monosodium urate crystals (MSU)-induced peritonitis and experimental autoimmune encephalomyelitis (EAE). Thus, our results indicate that 149-01 is a potential lead for developing therapeutic agent for NLRP3-related inflammatory diseases.
Keywords: RRx-001 analogues, NLRP3 inflammasome, anti-inflammation, NLRP3-related inflammatory diseases, NLRP3 inhibitor
INTRODUCTION
The NLRP3 inflammasome is a multimeric protein complex consisted of innate immune sensor NLRP3 (NLR family, Pyrin domain containing 3), adaptor protein ASC and effector cysteine protease caspase-1, it plays a pivotal role in host defense against microbial infection and inflammation (Schroder and Tschopp, 2010; Davis et al., 2011). Unlike other sensor proteins, NLRP3 can be activated by a wide range of factors derived from microbes, the host and the environment (Broz and Dixit, 2016). Upon activation, NLRP3 recruits ASC, which then interacts with pro-caspase-1 to induce NLRP3 inflammasome complex assembly. This results in the cleavage and activation of caspase-1, which subsequently promotes the maturation and secretion of IL-1β and IL-18 and induces pyroptosis, a type of inflammatory cell death (Shi et al., 2015; Swanson et al., 2019). However, aberrant activation of NLRP3 inflammasome has been reported to promote the development of several human diseases, including gout, type 2 diabetes (T2D), inflammatory bowel disease (IBD), atherosclerosis, neurodegenerative diseases and others (Martinon et al., 2006; Bauer et al., 2010; Duewell et al., 2010; Masters et al., 2010; Wen et al., 2012; Heneka et al., 2013; Guo et al., 2015). Therefore, NLRP3 inflammasome is considered as a novel therapeutic target for these inflammatory diseases.
Currently, biologic agents targeting IL-1β are clinically used to treat NLRP3-driven diseases, including canakinumab (a neutralizing IL-1β monoclonal antibody), anakinra (a recombinant non-glycosylated IL-1 receptor antagonist), and rilonacept (a soluble decoy IL-1β receptor) (Dinarello et al., 2012). These agents have been proven to be effective in the treatment of Cryopyrin-associated periodic syndromes (CAPS) caused by NLRP3 gene mutations and have also been applied in clinical trials for other NLRP3-associated disorders (Dinarello et al., 2012; Dinarello and van der Meer, 2013). However, the NLRP3 inflammasome activation induces not only IL-1β production, but also drives pyroptosis and other proinflammatory cytokines production such as IL-18, which may also contribute to the pathogenesis of inflammatory diseases (Nowarski et al., 2015). Moreover, IL-1β can also be produced by other inflammasomes or in an inflammasome-independent manner (Davis et al., 2011; Netea et al., 2015), so blockage of IL-1β may lead to a higher risk of infection. Therefore, compared with biologic agents that target IL-1β, inhibitors that directly target NLRP3 inflammasome may be a better therapeutic option for NLRP3-related diseases.
In recent years, several small molecules, including MCC950, CY-09, OLT1177, oridonin, tranilast, INF39 and others, have been proposed to inhibit the NLRP3 inflammasome activation and exert remarkable therapeutic effects for NLRP3-associated disorders in animal models (Coll et al., 2015; Daniels et al., 2016; Jiang et al., 2017; He et al., 2018; Huang et al., 2018; Marchetti et al., 2018; Zhang et al., 2020; Shi et al., 2021). However, considering the safety, efficacy and specificity of these inhibitors, only a few have entered clinical trials, such as the MCC950-related agents (Inzomelid and IZD334), IFM-2427, OLT1177 (Mullard, 2019; Kluck et al., 2020). Although these agents hold promise for the treatment of NLRP3-related diseases, their clinical efficacy and safety remain to be further determined.
We previously described RRx-001 (1-bromoacetyl-3,3-dinitroazetidine), an antitumor agent in phase III clinical trials, as a novel potent NLRP3 inhibitor (Kim et al., 2016; Oronsky et al., 2019; Chen et al., 2021). However, RRx-001 is a small-molecule compound developed from the defense and aerospace industry and contains unique high-energy nitro functional groups (Oronsky et al., 2016). The gem-dinitroazetidine can decompose rapidly and may be sensitive to heat, impact, friction and electrostatic discharge (Ning et al., 2012; Straessler et al., 2012). Due to its inherent energy properties, the gem-dinitroazetidine can cause potential processing problems. In addition, these geminal dinitro-groups undergo decomposition under hypoxic conditions in vivo, producing the gaseous multifunctional free radical, nitric oxide (NO) (Fens et al., 2011; Oronsky et al., 2017). Further chemical interaction between NO and ROS (reactive oxygen species) can generate highly toxic oxidants, including nitrogen dioxide and peroxynitrite (van der Vliet et al., 2000; Oronsky et al., 2017). Moreover, our previous study has shown that removal of geminal dinitro-groups from RRx-001 resulted in a nearly 32-fold decrease in its inhibitory activity (Chen et al., 2021).
In this study, we tried to identify RRx-001 analogues with potent anti-NLRP3 inflammasome activity but without high-energy nitro functional groups. Our results showed that 149-01, an RRx-001 analogue, had comparable activity with RRx-001. Mechanistically, 149-01 blocked the NEK7-NLRP3 interaction by binding directly to cysteine 409 of NLRP3, thereby preventing the assembly of NLRP3 inflammasome complex. Moreover, 149-01 treatment effectively attenuated several NLRP3-related inflammatory diseases in mice, including LPS-induced systemic inflammation, MSU-induced peritonitis and EAE. Taken together, our findings demonstrate that 149-01 is active both in vitro and in vivo, suggesting that 149-01 is a potential lead for developing therapeutic agent for NLRP3-related human inflammatory diseases.
MATERIALS AND METHODS
Mice
C57BL/6J mice were obtained from Shanghai SLAC Laboratory Animal Limited Liability Company (Shanghai, China). The generation of Nlrp3−/− mice were as previously described (Martinon et al., 2006). Mice were maintained in a SPF facility under a 12/12 h light/dark cycle (lights on at 07:00 and off at 19:00). All animal studies were performed in accordance with the guidelines of the Ethics Committee of University of Science and Technology of China.
Reagents
ATP, Nigericin, MSU, and poly (A/T) were purchased from Sigma-Aldrich. Ultrapure LPS, Lipofextamine 2000, Pam3CSK4, MQAE, MitoSOX, MitoTracker, DAPI were acquired from Invitrogen. The Salmonella strain was a gift from Dr. Cai Zhang (Shandong University, Shandong, China). The C3 toxin was a gift from Dr. Tengchuan Jin (University of Science and Technology of China, Hefei, China). CY-09 was synthesized from Dr. Xianming Deng (Xiamen University, Xiamen, China). Protein G agarose (16-266) and anti-Flag (A2220) beads were bought from Millipore and Sigma-Aldrich, respectively. Anti-Flag (F2555) and anti-VSV (V4888) antibodies were from Sigma-Aldrich. The anti-mouse NLRP3 (AG-20B-0014) and the anti-mouse caspase-1 (AG-20B-0042) antibodies was from AdipoGen. The anti-mouse IL-1β antibody (AF-401-NA) was obtained from R&D Systems. The anti-β-actin antibody (66009-1-Ig) was from Proteintech Group. The anti-mouse ASC antibody (67824S) was from Cell Signaling Technology. The anti-mouse NEK7 antibody (ab133514) was from Abcam.
Cell Preparation and Stimulation
BMDMs (bone marrow-derived macrophages) were collected from the bone marrow of 6–8 weeks old mice and cultured in DMEM supplemented with 10% FBS and 20 ng/ml murine M-CSF (Novoprotein). Human PBMCs (peripheral blood mononuclear cells) were obtained by Human Lymphocyte Separation Medium (catalog no. P8610-200, Solarbio) and cultured in RPMI 1640 medium containing 10% FBS.
To stimulate inflammasome activation, BMDMs (5×105/well) or PBMCs (1×106/well) were seeded into 12-well plates and cultured overnight. Cells were primed for 3 h in Opti-MEM with LPS (50 ng/ml) or Pam3CSK4 (400 ng/ml, for noncanonical inflammasome activation), followed by treatment with 149-01 for 30 min, and then stimulated with various inflammasome agonists: 3 µM nigericin (30 min); 150 μg/ml MSU (4 h); 2.5 mM ATP (30 min); S. typhimurium (4 h, multiplicity of infection (MOI)); 30 μM CL097 (1 h) or 0.5 μg/ml C3 toxin (6 h). 0.5 μg/ml poly (A/T) or 500 ng/ml LPS were transfected into BMDMs with Lipofectamine 2000 for 4 h or 16 h, respectively. The release of lactate dehydrogenase (LDH) was measured by LDH Cytotoxicity Assay Kit (Beyotime). Precipitated supernatants and cell lysates were further detected using western blotting.
In vitro, 149-01 was dissolved in DMSO, and the DMSO was used as vehicle control in all figures.
ELISA
Cell culture supernatants and serum samples were analyzed for mouse IL-6, TNF-α or IL-1β and for human TNF-α or IL-1β with ELISA kit (all from R&D except human IL-1β from BD, 557953) according to the manufacturer’s instructions.
Western Blotting
Sample buffer was added to resuspend precipitated supernatants or to lyse cells, and the cell lysates were transferred to 1.5 ml EP tube. All protein samples were further boiled at 100°C for 10 min and separated by 8% or 15% SDS–PAGE gels at 80 V for 0.5 h and at 120 V for 1 h. After that, proteins were transferred to PVDF membranes at 90 V for 1 h. The membranes were blocked with PBST containing 5% nonfat milk at room temperature for 1 h and then incubated with primary and conjugated secondary antibodies as described previously (Chen et al., 2021). After washing the membranes with PBST, protein bands were acquired after visualization by enhanced chemiluminescence.
Detection of Intracellular K+ and Cl− Levels
To determine intracellular K+ concentration, BMDMs (1×106/well) seeded in 6-well plates were stimulated with nigericin to trigger NLRP3 inflammasome activation as described above. After that, cell culture supernatants were thoroughly removed and cells were lysed with ultrapure HNO3. Cell lysates were further boiled at 100°C for 30 min and then the precipitated products were dissolved with ddH2O. K+ concentrations were measured using PerkinElmer Optima 2000 DV spectrometer.
To determine intracellular Cl− concentration, BMDMs seeded in 12-well plates were also stimulated to activate NLRP3 inflammasome. After stimulation, the culture supernatants were thoroughly discarded and cells were lysed with ddH2O (200 µl/well) at 37°C for 30 min. Cell lysates were transferred to 1.5 ml EP tube, centrifuged at 10,000×g for 5 min and then supernatants were mixed with MQAE (10 µM). The absorbance of the mixture was determined using BioTek Multi-Mode Microplate Readers (Synergy2). A control was set for each experiment to measure the extracellular residual Cl− level after removal of the culture supernatant.
Confocal Microscopy
BMDMs (2×105/well) were seeded on coverslips (Thermo Fisher Scientific) and cultured overnight in 12-well plates. The next day, LPS-primed mouse BMDMs were stained with 5 μM MitoSOX or 50 nM MitoTracker Red and stimulated with nigericin. After stimulation, the culture supernatants were removed, and the cells were fixed in situ with 4% paraformaldehyde (PFA) in PBS for 15 min after washing by ice-cold PBS three times. Then, the cells were washed three times with PBST. Confocal microscopic analyses were utilized to detect mitochondrial damage by using a Zeiss LSM 700.
Immunoprecipitation
To detect endogenous interaction, LPS-primed BMDMs were stimulated with nigericin in 6-well plates, then lysed in NP-40 lysis buffer containing protease inhibitor cocktail. The cell lysates were centrifuged at 10,000 rpm at 4°C for 10 min and the supernatants were then incubated with primary antibodies and Protein G Mag Sepharose overnight with rotation at 4°C. The protein-antibody complex was pulled down by protein G beads and determined using immunoblot analysis.
To detect exogenous interaction, plasmids were transfected into HEK-293T cells in 6-well plates via polyethylenimine (PEI). 24 h after transfection, cells were collected and lysed in NP-40 lysis buffer. After centrifugation, supernatants of cell lysates were co-incubated with anti-Flag antibody–coated beads. Then, immunocomplex proteins were pulled down by beads and analyzed using immunoblotting.
ASC Oligomerization Assay
BMDMs (1×106/well) were plated in 6-well plates and treated with nigericin. After stimulation, the cells were washed with ice-cold PBS and then lysed in NP-40 lysis buffer at 4°C for 30 min. The cell lysates were centrifuged at 330×g at 4°C for 10 min. The pellets were washed with ice-cold PBS three times and re-suspended in 500 μl PBS, then cross-linked with 2 mM disuccinimidyl suberate (DSS, Sangon Biotech, C100015) at room temperature for 30 min with rotation. The crosslinked pellets were collected after centrifugation at 330 g for 10 min and dissolved directly in 30 μl sample buffer, and analyzed using immunoblotting.
Protein Expression and Purification
To purify human Flag-NLRP3 protein, human Flag-NLRP3 plasmid was transfected into HEK-293T cells via PEI and expressed for 48 h. The cells were then washed with ice-cold PBS and lysed in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, and 0.4% CHAPS) at 4°C for 30 min. The cell lysates were centrifuged at 14,000 rpm at 4°C for 15 min. After centrifugation, supernatants of cell lysates were co-incubated with anti-Flag antibody–coated beads at 4°C for 2.5 h with rotation. The beads were collected after centrifugation and incubated with Flag peptide (Sigma-Aldrich, F3290) in elution buffer (50 mM HEPES, pH 7.4, 500 mM NaCl and 0.1% CHAPS) at 4°C for 90 min with rotation to elute Flag-NLRP3 protein. The eluents containing Flag-NLRP3 protein were collected and concentrated by ultrafiltration device (UFC910024; Merck Millipore) to remove proteins <100 kD. Meanwhile, 10 µl eluent was dissolved in sample buffer, separated by 8% SDS–PAGE gels, followed by detection using anti-Flag antibody.
To purify human GFP-NLRP3 protein, human His-GFP-NLRP3 plasmid was transfected into HEK-293T cells via PEI and expressed for 48 h. The cells were lysed in lysis buffer at 4°C for 30 min and sonicated. The supernatants of cell lysates were then collected by centrifuging at 14,000 rpm at 4°C for 15 min. The His-GFP-NLRP3 proteins were preliminarily isolated using nickel–nitrilotriacetic acid matrices (QIAGEN) at room temperature for 45 min, and the pulled down proteins were washed twice with lysis buffer. After that, proteins were eluted in elution buffer and the eluents were concentrated by ultrafiltration device to remove proteins <10 kD after filtration through a 0.45 μm syringe filter. Then, the final eluents were added to a Superdex 200 10/300 GL column (GE Healthcare) for further purification in 50 mM HEPES (pH 7.4) and 150 mM NaCl on an GE Healthcare AKTA purifier. The solutions containing His-GFP-NLRP3 protein were collected together and concentrated by ultrafiltration device to remove proteins <100 kD. Meanwhile, 10 µl solution was dissolved in sample buffer and analyzed using immunoblotting.
NLRP3 ATPase Activity Assay
Purified human NLRP3 protein (1.4 ng/μl) was incubated with indicated doses of 149-01 or 1 µM CY-09 in reaction buffer at 37°C for 15 min and then ATP (25 μm, Ultra-Pure ATP) was added. After further incubation at 37°C for 40 min, the amount of ATP converted into ADP in the mixture was measured by luminescent ADP detection using ADP-Glo Kinase Assay kit (Promega, Madison, MI, United States). The data were presented as percentage of residual enzyme activity versus vehicle-treated enzyme activity.
Microscale Thermophoresis Assay
A Monolith NT.115 instrument (NanoTemper Technologies) was used to measure the KD value. Purified His-GFP-NLRP3 protein (200 nM) was incubated at room temperature with a range of doses of 149-01 (from 1 μM to 0.0169 nM) in assay buffer (50 mM HEPES, 10 mM MgCl2, 100 mM NaCl, pH 7.5, and 0.05% Tween 20) for 40 min. After the mixtures were loaded onto the NanoTemper glass capillaries, measurements were performed using 80% MST power and 100% LED power. KD value calculations were done using the mass action equation through NanoTemper software from duplicate reads of an experiment.
Drug Affinity Responsive Target Stability Assays
Assays were performed according to published protocols. BMDMs primed with LPS (3 h) or HEK-293T cells transfected with plasmid (24 h) were collected and lysed in NP-40 lysis buffer containing protease inhibitor cocktail. The cell lysates were centrifuged at 12,000×g at 4°C for 10 min and the supernatants were then measured by Pierce BCA Protein Assay Kit (Beyotime) to determine the protein concentration. After that, lysates (8 μg of protein lysate per reaction) were incubated at 4°C with indicated doses of 149-01 overnight with rotation. The mixtures were further incubated with protease pronase (25 ng of enzyme per μg of protein, Sigma) at room temperature for another 30 min. Then, the samples were dissolved directly in sample buffer and analyzed using immunoblotting.
NLRP3 Reconstitution
Nlrp3−/− BMDMs were seeded into 12-well plates and cultured overnight. Then, cells were transduced with lentivirus (pLEX vector, Thermo Fisher) encoding mouse NLRP3 or their indicated mutant (C405A). After 6 h, the culture supernatant was removed and replaced with DMEM containing 10% FBS and 20 ng/ml murine M-CSF. After 48 h, BMDMs were stimulated with nigericin.
Histological Analysis
Mouse spinal cords were fixed in 4% PFA at 4°C for 24 h, embedded in paraffin, and sectioned. Then, sections were stained with H&E or LFB according to standard procedures. Histological analysis for inflammatory cell infiltration and demyelination was performed with a Nikon ECL IPSE Ci biological microscope, and images were recorded using a Nikon DS-U3 color digital camera.
Quantitative Real-Time PCR
Total RNA from tissues was extracted using TRIzol reagent (Takara). To synthesize cDNA, 800 ng of total RNA from each sample was reverse transcribed with Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen). Then qPCR analysis was performed with SYBR Green premix (Takara Bio). All data were individually normalized to Gapdh. The primer sequences are shown as follows:
for mouse Gapdh: forward, GGT​GAA​GGT​CGG​TGT​GAA​CG; reverse, CTC​GCT​CCT​GGA​AGA​TGG​TG; for mouse Il1b: forward, TGC​CAC​CTT​TTG​ACA​GTG​ATG; reverse, AAG​GTC​CAC​GGG​AAA​GAC​AC; for mouse Tnf: forward, CGA​TGG​GTT​GTA​CCT​TGT​C; reverse, CGG​ACT​CCG​CAA​AGT​CTA​AG; for mouse Il6: forward, GTC​CTT​CCT​ACC​CCA​ATT​TCC; reverse, GCA​CTA​GGT​TTG​CCG​AGT​AGA.
LPS-Induced Systemic Inflammation
8-week-old male mice were injected intraperitoneally with 5 mg/kg 149-01 or vehicle control (90% PBS plus 10% DMSO) for 30 min and then challenged with 20 mg/kg LPS. After 4 h, mice were sacrificed and the secretion of IL-1β and TNF-α in serum was detected by ELISA.
MSU-Induced Peritonitis
8-week-old male mice pretreated with 5 mg/kg 149-01 or vehicle (90% PBS plus 10% DMSO) for 30 min were intraperitoneally injected with 1 mg MSU (dissolved in 0.5 ml PBS). After 6 h, mice were sacrificed and peritoneal cavities were washed with 10 ml ice-cold PBS. The proportion of polymorph nuclear neutrophils was detected by flow cytometry and the number of peritoneal exudate cells was counted. In addition, the secretion of IL-1β in lavage fluid or serum was also measured using ELISA.
Induction and Assessment of EAE
8-week-old male mice were subcutaneously immunized with 300 μg MOG35-55 peptide emulsified in CFA supplemented with 5 mg/ml (0.5 mg/mouse) of heat-killed Mycobacterium tuberculosis. Mice were intravenously injected with 150 ng pertussis toxin on days 0 and 2.149-01 (5 mg/kg) was administered intraperitoneally to mice on the day of induction and every 2 days thereafter. Control mice were given vehicle (90% PBS plus 10% DMSO) at the same time points. Clinical disease scores were recorded according to the following standard scale: 0, no abnormalities; 1, limp tail or waddling gait with tail tonicity; 2, wobbly gait; 3, hind limb paralysis; 4, hind limb and forelimb paralysis; 5, death. Mononuclear cells isolated from both the brain and spinal cord using 30% Percoll separation were analyzed by flow cytometry.
Statistical Analyses
All data are presented as mean ± s.e.m. Statistical analysis was carried out with one-way ANOVA (GraphPad Software) for data in all figures (except Figure 7 and Supplementary Figure S7) or with unpaired Student’s t-tests (GraphPad Software) for data in Figure 7 and Supplementary Figure S7, and differences were considered significant at p<.05. No values were excluded.
RESULTS
149-01 Blocks NLRP3 Inflammasome Activation
Several RRx-001 analogues were screened for their NLRP3 inhibitory activity in Supplementary Figure S1A and their chemical structure were depicted in Supplementary Table S1. In the screening results of RRx-001 analogues, 149-01 showed comparable NLRP3 inhibitory activity with RRx-001. To further evaluate the inhibitory effect of 149-01 on NLRP3 inflammasome activation, mouse bone marrow-derived macrophages (BMDMs) were first primed with LPS, then pretreated with 149-01 for 30 min, lastly stimulated with the NLRP3 stimulus nigericin. We found that 149-01 dose-dependently inhibited IL-1β release and caspase-1 activation at the doses of 200-600 nM (Figures 1A–C). Consistently, 149-01 also suppressed nigericin-induced release of lactate dehydrogenase (LDH) (Figure 1D), but LPS-dependent IL-6 and TNF-α secretion was not affected (Figures 1E,F), which suggests that 149-01 inhibits NLRP3-dependent cytokine production and pyroptosis. To ascertain whether 149-01 only blocked NLRP3 activation induced by nigericin, we tested the effects of 149-01 on NLRP3 activation triggered by two additional agonists, ATP and MSU. We observed that 149-01 inhibited IL-1β release and caspase-1 activation triggered by both NLRP3 agonists (Figures 1G,H). In addition, 149-01 also dose-dependently suppressed intracellular LPS-induced noncanonical NLRP3 inflammasome activation (Supplementary Figures S2A,B) but did not reduce LDH release (Supplementary Figure S2C). As previously reported, intracellular LPS induced LDH release was independent of NLRP3 (Coll et al., 2015). These results demonstrate that 149-01 displays potent and broad inhibitory effects on both canonical and non-canonical NLRP3 activation.
[image: Figure 1]FIGURE 1 | Identification of 149-01 as a highly potent inhibitor for NLRP3 inflammasome. (A) 149-01 structure. (B–F) BMDMs were first primed with LPS for 3 h, then pretreated with indicated doses of 149-01 (200-600 nM) for 30 min, lastly stimulated with nigericin. (B) IL-1β releases in supernatants were detected by ELISA. (C) Active IL-1β and p20 (cleaved caspase-1) in supernatants (SN) and pro-IL-1β, pro-caspase-1 and β-actin in cell lysates (Input) were measured by western blot. (D) The release of LDH in supernatants. (E) IL-6 and (F) TNF-α secretion levels in supernatants were determined by ELISA. (G,H) BMDMs were first primed with LPS, then treated with or without 149-01 (600 nM) for 30 min, lastly stimulated with nigericin, ATP or MSU. (G) IL-1β releases in supernatants were detected by ELISA. (H) Active IL-1β and p20 in supernatants and pro-IL-1β, pro-caspase-1 and β-actin in cell lysates were measured by western blot. (I,J) PBMCs were first primed with LPS for 3 h, then pretreated with indicated doses of 149-01 for 30 min, lastly stimulated with nigericin. (I) IL-1β and (J) TNF-α secretion levels in supernatants were determined by ELISA. Data are obtained from three independent experiments, each with two biological replicates and are expressed as mean ± s. e.m (n = 6) (B,D–G,I,J), or are representative of three independent experiments (C,H). One-way ANOVA was applied to calculate statistical significance: ***p < .001.
We next investigated whether 149-01 was effective for human cells. We isolated human peripheral blood mononuclear cells (PBMCs), treated LPS-primed cells with 149-01 for 30 min and then activated NLRP3 inflammasome with nigericin. We observed that 149-01 treatment reduced IL-1β release in a dose-dependent manner but not TNF-α production (Figures 1I,J). Furthermore, LPS alone induced alternative NLRP3 inflammasome activation was also suppressed by 149-01 in PBMCs (Supplementary Figures S2D,E). These results together indicate that 149-01 can prevent NLRP3 inflammasome activation in both mouse and human cells.
Because RRx-001 is reported to inhibit pro-IL-1β expression in macrophages (Yu et al., 2019; Chen et al., 2021), we then tested whether 149-01 influenced LPS-induced priming phase of NLRP3 inflammasome activation. We found that at concentrations of 200-600 nM, 149-01 treatment before or after LPS stimulation did not affect LPS-induced pro-IL-1β, NLRP3 production and IL-6, TNF-α secretion (Supplementary Figures S3A–C), indicating that 149-01 does not influence LPS-induced priming phase at concentrations that blocks NLRP3 activation. Although at higher concentrations of 1–4 μM, 149-01 treatment before LPS stimulation markedly inhibited LPS-induced pro-IL-1β and IL-6 production but did not affect NLRP3 or TNF-α expression (Supplementary Figures S4A–C), 149-01 showed approximately 9 times inhibitory activity against IL-1β release than that against IL-6 production (Supplementary Figures S4D,E). Besides, higher concentrations (one to four μM) of 149-01 treatment after LPS stimulation did not affect LPS-induced pro-IL-1β, NLRP3 production and IL-6, TNF-α secretion (Supplementary Figures S4A–C).
149-01 Does Not Affect AIM2, NLRC4, or Pyrin Inflammasomes Activation
Besides NLRP3, several other sensors were also proposed to trigger inflammasome complex assembly (Xu et al., 2014; Broz and Dixit, 2016). To explore the specificity of 149-01’s inhibitory activity against NLRP3 inflammasome, we examined whether 149-01 could suppress the activation of three other well-characterized inflammasome. Murine BMDMs were first primed with LPS, then transfected with double-stranded DNA analog poly (A/T) to induce the AIM2 (Absent In Melanoma 2) inflammasome activation or infected with S. typhimurium to induce the NLRC4 (NLR Family CARD Domain Containing 4) inflammasome activation or stimulated with C3 toxin to induce the Pyrin inflammasome activation. In contrast to its potent inhibitory effects on NLRP3 inflammasome activation, 149-01 could not inhibit IL-1β release or caspase-1 activation following AIM2 or NLRC4 inflammasome activation (Figures 2A,B). In addition, 149-01 also could not attenuate IL-1β release triggered by Pyrin inflammasome activation (Figure 2C). Collectively, our data show that 149-01 selectively suppresses NLRP3 inflammasome activation.
[image: Figure 2]FIGURE 2 | 149-01 does not affect the activation of AIM2, NLRC4, or Pyrin inflammasomes. (A–C) BMDMs were first primed with LPS, then treated with or without 149-01 (600 nM) for 30 min, lastly stimulated with nigericin, poly (A/T), Salmonella or C3 toxin. (A,C) IL-1β releases in supernatants were detected by ELISA. (B) Active IL-1β and p20 in supernatants and pro-IL-1β, pro-caspase-1 and β-actin in cell lysates were measured by western blot. Data are obtained from three independent experiments, each with two biological replicates and are expressed as mean ± s. e.m (n = 6) (A,C), or are representative of three independent experiments (B). One-way ANOVA was applied to calculate statistical significance: ***p < .001, NS, not significant.
149-01 Suppresses the Assembly of NLRP3 Inflammasome by Preventing the NEK7-NLRP3 Interaction
Next, we sought to identify the precise mechanism by which 149-01 prevents NLRP3 inflammasome activation. Potassium (K+) efflux and chloride (Cl−) efflux are proposed to be upstream events required for NLRP3 activation (Munoz-Planillo et al., 2013; Tang et al., 2017). To determine whether 149-01 abrogates NLRP3 activation by affecting these upstream events, we tested intracellular levels of K+ and Cl− after nigericin stimulation. We found that pretreatment with 149-01 in BMDMs did not prevent the nigericin-induced decrease in intracellular K+ and Cl− (Supplementary Figures S5A,B). Consistent with this, we also observed that 149-01 could dose-dependently suppress NLRP3 inflammasome activation induced by CL097, which is a K+ efflux-independent NLRP3 agonist (Supplementary Figure S5C) (Gross et al., 2016). In addition, mitochondrial damage is considered to be another upstream event required for NLRP3 activation (Zhou et al., 2011; Gurung et al., 2015). We next detected the mitochondrial status of BMDMs after nigericin stimulation and observed abnormal mitochondrial fission, clustering, and enhanced ROS production. However, pretreatment with 149-01 did not significantly affect these processes (Supplementary Figure S5D). Taken together, our findings indicate that 149-01 blocks NLRP3 activation by acting downstream of K+ efflux, Cl− efflux and mitochondrial damage.
We then tested whether 149-01 could block NLRP3 activation by influencing NLRP3 inflammasome complex assembly. A critical step for NLRP3 inflammasome complex assembly and subsequent caspase-1 activation is ASC oligomerization (Lu et al., 2014; Dick et al., 2016), which can be detected after chemical cross-linking followed by western blotting. Consistent with inhibition of IL-1β release and caspase-1 activation, 149-01 markedly suppressed ASC oligomerization induced by nigericin at the doses of 200-600 nM without affecting ASC expression in cell lysates (Figure 3A), indicating that 149-01 prevents NLRP3 activation by acting upstream of ASC oligomerization. Next, we examined by coimmunoprecipitation whether 149-01 could block NLRP3-ASC interaction, which is essential for ASC recruitment and subsequent ASC oligomerization (Swanson et al., 2019). We observed that 149-01 dramatically attenuated the interaction between endogenous NLRP3 and ASC in nigericin stimulated BMDMs (Figure 3B). Moreover, we investigated if 149-01 influenced NEK7–NLRP3 interaction, which is imperative for NLRP3 oligomerization and subsequent NLRP3-ASC complex formation (He et al., 2016; Shi et al., 2016). We found that 149-01 substantially abolished the nigericin-mediated endogenous NEK7-NLRP3 interaction (Figure 3C). Collectively, these findings reveal that 149-01 may prevents NLRP3 inflammasome complex assembly by blocking the NEK7-NLRP3 interaction.
[image: Figure 3]FIGURE 3 | 149-01 blocks the assembly of NLRP3 inflammasome by preventing the interaction between NEK7 and NLRP3. (A) Supernatants, cell lysates and DSS-crosslinked pellets from LPS-primed BMDMs treated with indicated doses of 149-01 for 30 min before nigericin stimulation were analyzed by western blot. (B) The endogenous NLRP3-ASC interaction in LPS-primed BMDMs treated with indicated doses of 149-01 for 30 min before nigericin stimulation was detected by immunoprecipitation (IP) and western blot. (C) The endogenous NEK7-NLRP3 interaction in LPS-primed BMDMs treated with indicated doses of 149-01 for 30 min before nigericin stimulation was detected by IP and western blot. (D) The NEK7–NLRP3 interaction in HEK-293T cells transfected with Flag-NEK7, VSV-NLRP3 plasmids and treated with indicated doses of 149-01 was evaluated by IP and western blot. (E) The NLRP3–NLRP3 interaction in HEK-293T cells transfected with Flag-NLRP3, VSV-NLRP3 plasmids and treated with indicated doses of 149-01 was evaluated by IP and western blot. (F) The NLRP3–ASC interaction in HEK-293T cells transfected with Flag-ASC, VSV-NLRP3 plasmids and treated with indicated doses of 149-01 was evaluated by IP and western blot. Data are representative of three independent experiments.
To validate this hypothesis, we overexpressed Flag-NEK7 and VSV-NLRP3 in HEK-293T cells, and explored by coimmunoprecipitation whether 149-01 could inhibit direct NEK7-NLRP3 interaction. The results showed that 149-01 treatment blocked the direct NEK7-NLRP3 interaction (Figure 3D). In contrast, 149-01 treatment had no impact on the direct NLRP3-NLRP3 or NLRP3-ASC interaction (Figures 3E,F). Therefore, these results suggest that 149-01 inhibits NLRP3 inflammasome activation by abrogating the direct NEK7-NLRP3 interaction, rather than by affecting NLRP3 oligomerization or subsequent NLRP3-ASC complex formation. Consistent with this, we found that 149-01 did not impact the NLRP3 ATPase activity (Supplementary Figure S6A), which is critical for the NLRP3 self-oligomerization (Duncan et al., 2007). In the same experiment, the known NLRP3 inflammasome inhibitor CY-09 was used as a positive control (Jiang et al., 2017). In addition, NEK7 has also been reported to act downstream of NEK9 and contribute to mitotic progression (Haq et al., 2015). However, 149-01 treatment did not affect the interaction between NEK7 and NEK9 (Supplementary Figure S6B).
149-01 Binds Directly to Cys409 of NLRP3
We next determined whether the activation of NLRP3 inflammasome inhibited by 149-01 was reversible. LPS-primed mouse BMDMs were first treated with 149-01 for 15 min, then washed every 5 min for three times to remove unbound 149-01, and lastly stimulated with nigericin. We observed that nigericin-induced IL-1β release remained inhibited after removal of unbound 149-01, suggesting that 149-01’s inhibitory effect on NLRP3 activation is essentially irreversible (Figure 4A). In contrast, the inhibitory effects of CY-09 on NLRP3 activation is reversible (Supplementary Figure S6C). Together these data suggest that 149-01 may bind its target protein in a covalent manner.
[image: Figure 4]FIGURE 4 | 149-01 irreversibly, directly, and specifically binds to NLRP3. (A) IL-1β releases in supernatants from LPS-primed BMDMs treated with indicated doses of 149-01 for 15 min, washed three times before nigericin stimulation were detected by ELISA. (B) LPS-primed BMDMs cell lysates incubated overnight with indicated doses of 149-01 before pronase digestion were detected by western blot using antibodies for NLRP3, NEK7, pro-caspase-1, ASC and β-actin. (C) Binding affinity of 149-01 to purified GFP-NLRP3 protein was analyzed by MST. HEK-293T cells transfected with Flag-tagged NLRP3 (D), NLRP1b (E), AIM2 (F), or NLRC4 (G) were lysed and the cell lysates incubated overnight with indicated doses of 149-01 before pronase digestion were detected by western blot. Data are obtained from three independent experiments, each with two biological replicates and are expressed as mean ± s. e.m (n = 6) (A), or are representative of three independent experiments (B–G). One-way ANOVA was applied to calculate statistical significance: ***p < .001.
Based on the result that 149-01 blocks the direct NEK7-NLRP3 interaction, we inferred that 149-01 may prevents NLRP3 inflammasome complex assembly by directly targeting NEK7 or NLRP3. To confirm this conjecture, we performed the drug affinity responsive target stability (DARTS) assay (Lomenick et al., 2009; Coll et al., 2019), which exploits the target protein’s reduced sensitivity to protease when it interacts with small molecules. We incubated the LPS-primed BMDMs cell lysates with different concentrations of 149-01, then digested with the protease pronase, and observed that 149-01 dose-dependently reduced proteolysis of NLRP3 by pronase (Figure 4B), suggesting that 149-01 directly interacts with NLRP3. However, incubation with 149-01 did not affect pronase mediated degradation of other NLRP3 inflammasome components, including NEK7, pro-casp1 and ASC (Figure 4B), indicating that 149-01 specifically targets NLRP3. To further validate the direct binding of 149-01 to NLRP3, we employed microscale thermophoresis (MST) assay to quantify the direct interaction between 149-01 and purified GFP-NLRP3. The data revealed that 149-01 interacted with purified GFP-NLRP3 with an equilibrium dissociation constant (KD) of 48.2 nM (Figure 4C). Therefore, our results reveal that 149-01 binds directly to NLRP3 with high affinity. To investigate whether 149-01 interacted with other inflammasome sensors, we overexpressed flag-tagged NLRP3, NLRP1b, AIM2 or NLRC4 in HEK-293T cells and then performed DARTS experiments. The results showed that 149-01 protected only NLRP3 but not NLRP1b, AIM2 or NLRC4 from pronase-induced proteolysis in a dose-dependent manner (Figures 4D–G).
We next overexpressed three functional domains of NLRP3 in HEK-293T cells, NACHT, LRR and PYD, respectively, to explore which domain is responsible for interacting with 149-01. We found that only the NACHT domain but not the LRR or PYD domain could be protected by 149-01 from pronase-mediated proteolysis (Figures 5A–C). These results together demonstrate that 149-01 directly and specifically targets the NACHT domain of NLRP3. Next, we sought to determine the 149-01-binding residue within the NLRP3 NACHT domain. Since RRx-001 has been reported to bind to cysteine 409 (Chen et al., 2021), we tested whether 149-01 also targeted the C409 site of the NACHT domain. Flag-tagged the NACHT domain with the C409A mutation was overexpressed in HEK-293T cells and then performed DARTS assay. We observed that the C409A mutation abrogated the interaction between 149-01 and the NACHT domain (Figure 5D). Furthermore, the C409A mutation had no effect on the NEK7-NLRP3 interaction, but abolished 149-01’s inhibitory effect on this interaction (Figure 5E), suggesting that 149-01 binds directly to C409 of NLRP3. We then reconstituted NLRP3−/− BMDMs with mouse WT NLRP3 or mutant NLRP3 (C405A, corresponding to human NLRP3-C409A) and found that nigericin-induced NLRP3 activation was blocked by 149-01 in cells reconstituted with WT NLRP3 but remained intact in cells reconstituted with mutant NLRP3 (Figures 5F,G). Collectively, our results suggest that 149-01 binds directly to cysteine 409 of NLRP3 and then prevents the NEK7-NLRP3 interaction and ultimately inhibits NLRP3 inflammasome activation.
[image: Figure 5]FIGURE 5 | 149-01 targets Cys409 of NLRP3. HEK-293T cells transfected with Flag-tagged NACHT (A), LRR (B), PYD (C), or NACHT (C409A) (D) were lysed and the cell lysates incubated overnight with or without 149-01 (80 μM) before pronase digestion were detected by western blot. (E) The interactions between NEK7 and WT or mutant NLRP3 in HEK-293T cells treated with or without 149-01 (3 μM) were evaluated by IP and western blot. (F,G) Nlrp3−/− BMDMs reconstituted with mouse WT or mutant NLRP3 were first primed with LPS, then treated with or without 149-01 (600 nM) for 30 min, lastly stimulated with nigericin. (F) IL-1β releases in supernatants were detected by ELISA. (G) Active IL-1β and p20 in supernatants and NLRP3, pro-IL-1β, pro-caspase-1 and β-actin in cell lysates were measured by western blot. Data are obtained from three independent experiments, each with two biological replicates and are expressed as mean ± s. e.m (n = 6) (F), or are representative of three independent experiments (A–E,G). One-way ANOVA was applied to calculate statistical significance: ***p < .001, NS, not significant.
149-01 Suppresses NLRP3 Inflammasome in vivo
Since 149-01 disrupts NLRP3 inflammasome activation in vitro, we next tested the therapeutic efficacy of 149-01 in NLRP3-dependent septic shock disease model, in which intraperitoneal injection of LPS could elicit NLRP3-driven IL-1β production (He et al., 2013). Mice were injected with 149-01 intraperitoneally before challenge with LPS and were evaluated 4 h later. The data revealed that pretreatment with 149-01 markedly downregulated serum IL-1β level without considerably decreasing NLRP3-independent TNF-α production in serum (Figures 6A,B). These findings indicate that 149-01 suppresses LPS-induced NLRP3-related systemic inflammation in vivo.
[image: Figure 6]FIGURE 6 | 149-01 alleviates LPS-induced systemic inflammation and MSU-induced peritonitis in mice. (A,B) Serum IL-1β (A) and TNF-α (B) levels in mice intraperitoneally injected with 149-01 (5 mg/kg) or vehicle before challenge with LPS (20 mg/kg) were measured by ELISA. (C–E) Mice were intraperitoneally injected with 149-01 (5 mg/kg) or vehicle before challenge with MSU (1 mg/mouse). IL-1β in the serum (C) or peritoneal cavity (D) were measured by ELISA. (E) Neutrophil numbers in the peritoneal cavity were determined by FACS. Data are expressed as mean ± s. e.m (n = 5). One-way ANOVA was applied to calculate statistical significance: ***p < .001, NS, not significant.
MSU crystal-induced peritonitis is another well-established NLRP3-dependent acute inflammatory model characterized by IL-1β secretion and massive neutrophil infiltration in peritoneal cavity (Martinon et al., 2006). To investigate the inhibitory activity of 149-01 in peritonitis model, mice were pretreated with 149-01 before intraperitoneal injection of MSU. As expected, pretreatment with 149-01 efficiently inhibited IL-1β secretion and neutrophil recruitment (Figures 6C–E). Our results suggest that 149-01 significantly alleviates MSU-induced peritonitis in mice.
The experimental autoimmune encephalomyelitis (EAE) mouse model, which effectively simulates human multiple sclerosis disease, is characterized by inflammation and demyelination. Considering that NLRP3 inflammasome acts a key role in the pathogenesis of EAE and exacerbates neuroinflammation (Sutton et al., 2006; Gris et al., 2010; Lalor et al., 2011), we then assessed whether 149-01 could alleviate the severity of EAE via targeting NLRP3 inflammasome. We induced EAE by subcutaneous immunizing mice with myelin oligodendrocyte glycoprotein (MOG) peptide (MOG35–55) and recorded clinical disease scores on a daily basis. Compared with the vehicle-treated group, treatment of mice with 149-01 improved their clinical behaviors (Figure 7A). Consistent with this phenotype, in mice 14 days after EAE induction, HE staining revealed that 149-01 treatment ameliorated inflammatory cell infiltration in the spinal cord and LFB staining showed that 149-01 treatment reduced spinal cord demyelination (Figure 7B). In addition, the proportions and absolute numbers of infiltrated T cells (CD8+ and CD4+), total lymphocytes (CD11b− CD45hi), activated resident microglial cells and myeloid cells (CD11b+ CD45hi) gated on CD45hi cell populations in the CNS were markedly reduced in 149-01-treated mice (Figures 7C,D). Further investigation of inflammation in EAE mice showed that 149-01 treatment significantly inhibited the expression of inflammatory cytokines in the CNS, including IL-1β, IL-6 and TNF-α (Figure 7E). Furthermore, 149-01 treatment significantly reduced protein levels for IL-1β, caspase-1 and NLRP3 in the spinal cords of EAE mice (Figures 7F,G). Collectively, these findings suggest that the disease progression of EAE can be attenuated effectively by 149-01 administration. To confirm that 149-01 mitigate EAE severity through suppression of NLRP3 inflammasome, we induced EAE in NLRP3 knockout mice. We found that treatment of NLRP3−/− mice with 149-01 did not affect the clinical disease scores of EAE (Figure 7H) or the proportions and numbers of infiltrated immune cells in the CNS (Figures 7I,J). We also evaluated the safety profile of 149-01 in naive mice. Mice were intraperitoneally injected with 5 mg/kg 149-01 or vehicle control once a day for 4 weeks, and the results showed that 149-01 treatment did not affect the metabolic parameters and serum chemistry of naive mice (Supplementary Figure S7). Taken together, our results demonstrate that 149-01 is active in vivo and can mitigate the progression of inflammatory diseases by targeting NLRP3 inflammasome.
[image: Figure 7]FIGURE 7 | 149-01 attenuates the progression of EAE via inhibition of NLRP3 inflammasome. (A–G) Mice were intraperitoneally injected with 149-01 (5 mg/kg) or vehicle on the day of EAE induction and every 2 days thereafter. (A) EAE clinical scores. (B) Representative spinal cord sections were stained with H&E or Luxol fast blue (LFB) to visualize inflammatory cell infiltration or demyelination at day 14 after EAE induction. (C,D) The percentages of representative plots (C) and total numbers (D) of infiltrated CD8+, CD4+, CD11b+ and CD11b− cells gated on CD45hi cell populations in the CNS were determined by FACS at day 14 after EAE induction. (E) The expression of indicated inflammatory cytokines in the CNS were detected by qPCR at day 14 after EAE induction. (F,G) The protein levels of IL-1β, caspase-1 and NLRP3 in the spinal cords were detected by ELISA (F) or western blot (G) at day 14 after EAE induction. (H–J) Nlrp3−/− mice were intraperitoneally injected with 149-01 (5 mg/kg) or vehicle on the day of EAE induction and every 2 days thereafter. (H) EAE clinical scores. (I,J) The percentages of representative plots (I) and total numbers (J) of infiltrated CD8+, CD4+, CD11b+ and CD11b− cells gated on CD45hi cell populations in the CNS were determined by FACS at day 14 after EAE induction. Data are expressed as mean ± s. e.m (n = 5) (A,D–F,H,J) or are representative of five mice (B,C,G,I). Unpaired Student’s t-tests were applied to calculate statistical significance: ***p < .001, NS, not significant.
DISCUSSION
In this study, we identify compound 149-01, an RRx-001 analogue, as a potent, specific and covalent NLRP3 inhibitor, which can effectively inhibit the NLRP3 inflammasome activation both in vitro and in vivo. Our study suggests that 149-01 may be a useful small molecule tool to investigate the mechanism of NLRP3 inflammasome activation and a potential lead for developing therapeutic agent for NLRP3-driven inflammatory diseases.
Our results showed that the IC50 (half-maximal inhibitory concentration) value of 149-01 inhibiting IL-1β release is 182.8 nM, indicating that its inhibitory activity is stronger than most of the reported NLRP3 inhibitors, and 149-01 exhibits comparable inhibitory activity against NLRP3 inflammasome as RRx-001 (Chen et al., 2021). At the doses of 200-600 nM, 149-01 dose-dependently suppressed canonical and non-canonical NLRP3 activation in mouse cells and canonical and alternative NLRP3 activation in human cells. Meanwhile, 149-01 had no effect on the activation of AIM2, NLRC4, or Pyrin inflammasome, nor did it affect the priming phase of NLRP3 inflammasome at this concentration. These results demonstrate that 149-01 displays potent, broad and specific inhibitory effects on NLRP3 activation. We also observed that 149-01 treatment before LPS stimulation significantly inhibited LPS-induced pro-IL-1β and IL-6 production at higher doses of 1–4 μM, and the concentration required to inhibit IL-6 release is ∼9 times higher than that required to inhibit IL-1β release, suggesting that 149-01 may have better therapeutic activity in NLRP3-related inflammatory disorders than in other inflammatory disorders. However, the specific mechanism by which high doses of 149-01 inhibits LPS-induced pro-IL-1β and IL-6 production and its possible effects remain unclear. One possibility is that high doses of 149-01 also affect the function of other proteins, and high doses of 149-01 affect pro-IL-1β and IL-6 production by targeting other proteins.
Mechanistically, our data indicated that 149-01 does not block NLRP3 inflammasome activation by affecting upstream events, including K+ efflux, Cl− efflux and mitochondrial damage (Zhou et al., 2011; Munoz-Planillo et al., 2013; Gurung et al., 2015; Tang et al., 2017), suggesting that 149-01 may directly affect the assembly of NLRP3 inflammasome complex. Indeed, 149-01 blocked the interaction between NEK7 and NLRP3 by irreversibly targeting cysteine 409 of NLRP3, ultimately inhibiting the NLRP3 inflammasome assembly and activation. However, according to the determined cryo-electron microscopy structure of human NLRP3-NEK7 complex (Sharif et al., 2019), we found that cysteine 409 is not at the interface of NLRP3-NEK7 interaction. We speculate that 149-01 binding to the C409 site of NLRP3 may cause a conformational change of NLRP3, resulting in the blockage of the NLRP3-NEK7 interaction, but how 149-01 binds to the cysteine 409 of NLRP3 and how this combination changes the conformation of NLRP3 remain to be further studied.
Our data revealed that 149-01 effectively alleviate LPS-induced systemic inflammation, MSU-induced peritonitis and EAE at a dose of 5 mg/kg and its therapeutic effect is dependent on NLRP3. In previous study, the dosage of 10 mg/kg RRx-001, was used in the treatment of multiple NLRP3-dependent disease models (Chen et al., 2021), indicating that 149-01 may possess in vivo therapeutic efficacy comparable to or better than RRx-001. Notably, in EAE mice model, 149-01 treatment significantly inhibited the expression of inflammatory cytokines in the CNS such as IL-6 and TNF-α in contrast to in vitro results. We suggested that the reduced inflammatory cytokines in the CNS may result from 1) 149-01 treatment alleviated the infiltration of inflammatory cell that produce these inflammatory cytokines; and 2) 149-01 treatment inhibited the expression of IL-1β which could mediate these inflammatory cytokines production via IL-1 receptors (Mori et al., 2011; Dinarello, 2018). Since RRx-001 has been shown to have a high safety profile in clinical trials (Reid et al., 2015; Oronsky et al., 2017; Oronsky et al., 2019), its analogue, 149-01, may have a higher potential to enter clinical trials.
Compared with RRx-001, the structure of 149-01 does not contain high-energy nitro functional groups, which avoids the side effects of NO production on the treatment of NLRP3-related diseases. In addition, 149-01 also avoids potential processing problems, for example, 1) the gem-dinitroazetidine can decompose rapidly, resulting in decreased yields; and 2) the gem-dinitroazetidine is sensitive to heat, impact, friction and electrostatic discharge, causing potential safety hazards (Straessler et al., 2012).
It has been proposed that inhibitors directly targeting NLRP3 have certain advantages over biologic agents targeting IL-1β in the treatment of NLRP3-related inflammatory disorders (Jiang et al., 2017), but there are still no clinically available therapeutic drugs. Although at least some small molecules have entered clinical trials, their clinical efficacy and safety remain to be further confirmed (Mullard, 2019; Kluck et al., 2020).
Considering the potent and specific inhibitory effect of 149-01 on NLRP3 inflammasome both in vitro and in vivo, and the high safety of RRx-001 in clinical trials (Reid et al., 2015; Oronsky et al., 2017; Oronsky et al., 2019), we consider that 149-01, as an analogue of RRx-001, has promising therapeutic potential for NLRP3-related diseases. However, as mentioned above, there are some concerns remain to be further investigated, which may limit the application of 149-01 as a NLRP3 inhibitor.
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Osteoarthritis (OA) is the most common joint disease in the elderly, characterized by cartilage degradation and proliferation of subchondral bone. The pathogenesis of OA involves a variety of inflammatory mediators, including nitric oxide (NO), prostaglandin E2 (PGE2), tumor necrosis factor (TNF)-α, and interleukin (IL)-1β. From the molecular mechanism, the nuclear factor-erythroid 2-related factor (Nrf2)/heme oxygenase-1 (HO-1) pathway and the expression of ROS regulated the production of the above inflammatory mediators. Saikosaponin D (SSD), which is an active ingredient isolated from Bupleurum, has various biological functions. In this study, IL-1β was used as a pro-inflammatory factor to create an in vitro OA model. According to the results of high-density culture, qPCR, ROS measurement, Western blot, and immunofluorescence, SSD activated the Nrf2/HO-1/ROS axis, inhibited the production of inflammatory mediators, and protected against ECM destruction. The DMM mouse model was used as a model of OA in mice. From the results of safranin O/fast green staining, hematoxylin–eosin staining, tartrate-resistant acid phosphatase (TRAP) staining, and OARSI scores, SSD protected against the mice knee articular cartilage degeneration and reduced the number of osteoclasts in the subchondral bone. Experimental results found that SSD suppressed IL-1β–induced differentiated ATDC 5 chondrocytes apoptosis via the Nrf2/HO-1/ROS axis in vitro. SSD delayed the progression of OA in DMMs model mice in vivo. Therefore, SSD has the potential to become a drug for clinical treatment of OA.
Keywords: Saikosaponin D, osteoarthritis, Nrf2, HO-1, ROS, NF-κB, therapy
INTRODUCTION
Osteoarthritis (OA) is one of the most common chronic degenerative joint diseases, characterized by narrowing of the joint space, cartilage degradation, and proliferation of subchondral bone (Martel-Pelletier et al., 2016). The pathology of this disease is very complicated, and the specific mechanism is still controversial. A large amount of evidence indicates that pro-inflammatory factors such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β play a key role in the pathogenesis of OA (Kapoor et al., 2011; Chu et al., 2014). IL-1β could induce the expression of inflammatory mediators including nitric oxide (NO) and prostaglandin E2 (PGE2) (Kapoor et al., 2011; Wojdasiewicz et al., 2014). These inflammatory mediators accumulated for a long time and destroyed the extracellular matrix (ECM), which is the main component of cartilage including collagen II and aggrecan. Eventually, the imbalance between ECM anabolism and catabolism leads to continuous chondrocyte apoptosis and cartilage degradation, which is considered to be a sign of the progression of OA (Guilak et al., 2018). Because of the lack of reliable drugs to reverse and delay OA, most patients will eventually need joint replacement surgery, leaving a huge burden on society and the economy (Cao et al., 2020; Latourte et al., 2020). Therefore, we urgently need a safe and effective drug to deal with this kind of degenerative joint disease.
Nuclear factor-erythroid 2-related factor (Nrf2) directly regulates the expression of heme oxygenase-1 (HO-1) (Saha et al., 2020). Studies demonstrated that the Nrf2/HO-1 signaling pathway could suppress the production of pro-inflammatory cytokines by immune cells. When the Nrf2 gene was knocked out, the expression of inflammatory cytokines such as COX-2, iNOS, IL-6, and TNF-α increased significantly. In addition, when the Nrf2/HO-1 axis of vascular smooth muscle cells is activated, the expression of COX2 and iNOS decreases remarkably (Ho et al., 2007). The activated Nrf2/HO-1 pathway is closely related to the inhibition of ROS and the regulated NF-κB signaling pathway (Bellezza et al., 2010; Rigoglou and Papavassiliou, 2013; Zhai et al., 2018). After IL-1β stimulation, the activation of pathways such as NF-κB and MAPKs accelerated the production of a series of inflammatory factors which caused the catabolism of chondrocytes (Sondergaard et al., 2010). The activated NF-κB pathway will cause IKBα to be degraded by the proteasome in the cytoplasm and rapidly phosphorylated. P65 enters the nucleus and specifically binds to the promoter region of downstream genes to initiate the inflammatory cascade (Sun, 2017). Therefore, the activation of the Nrf2/HO-1/ROS axis could be used as a treatment for patients with OA.
Bupleurum is a common Chinese herbal medicine with a long history and is widely used to treat inflammation and infectious diseases in Asian countries (Yuan et al., 2017). Saikosaponin D (SSD), which is an active ingredient isolated from Bupleurum, has anti-inflammatory, antitumor, and antiviral effects. Studies have shown that SSD can effectively inhibit late-stage autophagy and prevent EV-A71 virus infection (Li et al., 2019). Lai et al. found that SSD can target the MKK4-JNK axis to inhibit the growth of pancreatic cancer cells (Lai et al., 2020). However, the therapeutic effects of SSD on OA mice are not clear. This study aimed to investigate whether SSD treatment could suppress the IL-1β–mediated differentiated ATDC 5 chondrocytes apoptosis in vitro. In addition, we established a mice DMMs model to observe the protective effects of SSD treatment on articular cartilage in vivo.
MATERIALS AND METHODS
Reagents and Antibodies
Saikosaponin D (purity >98%) was purchased from MCE (New Jersey, United States). DMSO (Meilunbio, Dalian, China) was used to dissolve Saikosaponin D and diluted in the cell culture until DMSO <0.1%. Recombinant mouse IL-1β was obtained from Peprotech (United States). Safranin-O and Fast Green and tartrate-resistant acid phosphatase staining (TRAP) were acquired from Solarbio (Beijing, China). Primary antibodies were applied in this study: antibodies against P65 (#8242), p-P65 (#3033), IκBα (#4814), p-IκBα (#2859), ERK (#4695), p-ERK (#4370), JNK (#9252), p-JNK (#9255), P38 (#8690), and p-P38 (#4511S) were acquired from CST (1:1,000, Cambridge, MA, United States). Anti-iNOS (1:1,000, ab178945), anti-COX2 (1:4,000, ab179800), anti-Aggrecan (1:1,000, ab3778), and anti-ADAMTS5 (1:250, ab41037) were purchased from Abcam (Cambridge, United Kingdom). Antibodies against MMP13 (1:2000, 18165-1-AP), Collagen II (1:1,000, 28459-1-AP), Nrf2 (1:2000, 66504-1-Ig), HO-1 (1:1,500, 27282-1-AP), Lamin B (1:10000, 66095-1-Ig), and Actin β (1:8,000, 66009-1-Ig) were obtained from Proteintech (Wuhan, China). Goat anti-mouse and goat anti-rabbit were acquired from Thermo Fisher (United States).
ATDC 5 Chondrocytes Culture and Differentiation
The mice chondrocyte cell line ATDC 5 was obtained from Jennio Biotech (GuangZhou, China).
ATDC 5 chondrocytes were maintained in monolayer culture in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Hyclone; Logan, UT, United States) containing 5% fetal bovine serum (FBS; Gibco, United States) and 1% bovine serum albumin (BSA; Hyclone; United States). To induce ATDC 5 chondrocytes to the mature chondrocytes, we added insulin, transferrin, and selenium (ITS) to the culture medium. The differentiation period was 14 days, and the culture medium was changed every other day. According to previous studies, cartilage nodule formation and the elevated expression levels of type II collagen, type X collagen, and aggrecan mRNA are observed after ATDC 5 chondrocyte differentiation (Gómez et al., 2009; Morimoto et al., 2013; Abella et al., 2016).
Cell Viability
The cytotoxicity of SSD on ATDC 5 chondrocytes was determined using a CCK-8 kit (Beyotime, Shanghai, China) according to the manufacturer’s protocol. A 6-well plate were planted with cells at a density of 8,000 cells per well and incubated with or without SSD (0, 0.5, 1, 2, 4, 8, 16, and 32 μmol/L) for 24 and 48 h. In addition, the cells were stimulated by IL-1β (10 ng/ml) or not and incubated with multiple concentrations of SSD (0, 1, 2, and 4 μmol/L) for 24 and 48 h. Each concentration of SSD was repeated 3 times. At each experimental end point, 10 μL CCK-8 kit diluted in the 100 µL DMEM/F12 was added into each well and then further incubated for 3 h at 37°C with 5% CO2. The absorbance of all wells was calculated using a microplate photometer at OD 450 nm (Thermo Fisher, Waltham, MA, United States).
High-Density Culture
The mature chondrocytes at a density of 108 cells/ml were seeded in a 24-well plate, 10 µl per well. After 6 h, 1 ml complete medium was added to each well and cultured for 5 days. The cells were fixed using 4% paraformaldehyde at room temperature for 15 min. After washing extensively with PBS thrice, toluidine blue o solution (solarbio, United States) was used to stain the cells. The images of the cells in a 24-well plate were observed using an EPSON V600 photo scanner (Tokyo, Japan).
Apoptosis Detection
A 6-well plate were seeded with the cells at a density of 2 × 105 cells per well. After 6 h, different concentrations of SSD (0, 2, and 4 μmol/L) were used to treat the cells under the stimulation of IL-1β (1 μmol/L) or not. An Annexin V-FITC Apoptosis Detection Kit was used to treat the cells according to the manufacturer’s instructions. The apoptosis rate of cells was quantified by flow cytometry (Moflo XDP, United States). Annexin V positive and PI negative cells were regarded as early apoptotic cells. Annexin V positive cells and PI positive cells were regarded as late apoptotic chondrocytes.
Reactive Oxygen Species Measurement
The Reactive Oxygen Species Assay Kit (Beyotime) was used to detect the generation of cellular ROS. After special treatment of the cells in the 6-well plate (2 × 105), DCFH-DA was diluted with DMEM/F12 medium (1:1,000) and added to the 6-well plate at 37°C in a cell incubator for 20 min. After washing the cells thrice with DMEM/F12 medium, the fluorescence intensity of dichlorofluorescein (DCF) fluorescence was observed using a confocal microscope (Zeiss, Japan). The cellular ROS fluorescence intensity was quantified using Image Pro Plus 6.0 software (Media Cybernetics, MD, United States).
Quantitative Reverse Transcription Polymerase Chain Reaction Assay
A 6-well plate was planted with the cells at a density of 2 × 105 cells. Various concentrations of SSD (0, 1, 2, and 4 μmol/L) were used to pretreat the cells for 30 min. The cells were then treated with or without IL-1β (10 ng/ml) and incubated with different concentrations of SSD for a day. The total RNA was extracted from the chondrocytes using TRIzol Reagent (Thermo Fisher Scientific). A cDNA synthesis kit (Cwbio; Beijing, China) was used to perform reversing transcription on the extracted RNA template to synthesize cDNA. Then ChamQ Universal SYBR qPCR Master Mix (Vazyme; Nanjing, China) was used to perform real-time quantitative PCR (qPCR) on cDNA samples according to the manufacturer’s instructions. The specific mouse sequence primers are shown in Table 1, and β-actin is used as an internal control.
TABLE 1 | Mouse Primers for qPCR.
[image: Table 1]Western Blot
The cells (density, 2 × 105/well) were seeded in 6-well plates. The cells stimulated with 10 ng/ml IL-1β or not were incubated with different concentrations of SSD (0, 1, 2, and 4 μmol/L). At the end point, the cells were washed twice with ice-cold PBS and then extracted using RIPA (AMEKO, Shanghai, China) supplemented with phosphatase inhibitor and phenylmethanesulfonyl fluoride (PMSF). The concentration of total protein was normalized using a BCA protein kit (Takara, Dalian). The protein samples were separated using 12% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to 0.22-μm polyvinylidene difluoride (PVDF) membranes (Millipore, Boston, United States). After incubating with QuickBlock™ Blocking Buffer at room temperature for 30 min, the blocked PVDF membranes were incubated with the primary antibodies overnight at 4°C. On the 2nd day, tris-buffered saline with Tween 20 (TBST) was used to wash the PVDF membranes thrice and the membranes were incubated with the respective secondary antibodies for 1 h on the laboratory shaker at 37°C. Finally, the bands were acquired with an enhanced chemiluminescence reagent (Millipore, Boston, United States). ImageJ software was used to observe the density of these bands.
Immunofluorescence Analysis
The cells were planted in 6-well plates at 2 × 105 cells/well. The cells were treated with or without SSD (4 μmol/L) and stimulated with IL-1β (10 ng/ml) or not for 24 h. At the end point, the cells were then washed twice using PBS and fixed by 4% paraformaldehyde for 15 min at room temperature. The cells and nuclear membranes were permeabilized by the 0.1% Triton -100 dissolved in PBS for 5 min at room temperature and blocked with QuickBlock™ Blocking Buffer for Immunol Staining (Beyotime) for 30 min. Primary antibodies collagen (1:1,000) and P65 (1:1,000) were added to the 6-well plate and incubated with the cells overnight at 4°C. On the 2nd day, the 6-well plate was washed twice using PBS and Alexa Fluor®488-labeled secondary antibody or Alexa Fluor®594-labeled secondary antibody was added to it, and the cells were incubated at room temperature in the dark for 1 h. Finally, the nucleus was stained with DAPI for 5 min. Images of the cells were acquired by immunofluorescence microscopy (Zeiss, Japan). The fluorescence intensity was observed using Image Pro Plus 6.0 software.
Small Interfering RNA Transfection
siRNA Nrf2 Small Interfering RNA (si-Nrf2) and siRNA negative control (si-NC) were obtained and constructed from Invitrogen (Carlsbad, United States). The special synthetic sequence of si-Nrf2 is constructed as follows: sense, 5-UUG GGA UUC ACG CAU AGG AGC ACU G3′, antisense, 5-CAG UGC UCC UAU GCG GAA UCC CAA-3′. In accordance with the protocol, lipofectamine 2000 siRNA transfection reagent (Thermo Fisher, UT, United States) was used to conduct transfection of si-NC and si-Nrf2 into the cells. The next step was to extract total cell protein for Western blot analysis.
Construction of Binding Mode Between Saikosaponin D and Nrf2 Protein
The SSD molecular structure was constructed using ChemDraw, and we performed geometric optimization and energy minimization using Chem3D. We obtained the Nrf2 target protein crystal structure from the protein database (https://www.rcsb.org/). SSD was regarded as the small molecule ligand and Nrf2 protein target as the receptor. The center position of the Grid Box (x_center = −2.949, y_center = −3.867, z_center = 3.259) was determined based on the interaction between the small molecule and the target, and the length, width, and height are set to 60 × 60 × 60. Finally, batch molecular docking was performed using AutoDock and the results of molecular docking were analyzed. The binding effect of SSD and Nrf2 protein was visualized using Pymol2.1 software. In the calculation process, Lamarckian genetic algorithm was used for molecular docking calculation. According to the interaction between SSD and protein residues, we scored the docking of the reference compound and inferred whether the compound had a certain activity.
A Mouse Model of Destabilization of the Medial Meniscus
Shanghai Laboratory Animal Center (SLAC) provided 24 8-week-old male C57 WT mice. To determine the effects of SSD on the mouse OA model, the mice were subjected or not to the destabilization of the medial meniscus (DMM) surgery as previously described (Ma et al., 2007; Huang et al., 2017; Jeon et al., 2020). Briefly, a 5- to 6-mm incision was made in the medial skin of the mouse right knee using a pointed blade to open the knee capsule and expose the medial meniscus. Ophthalmic scissors cut the medial collateral ligament attached to the medial tibial plateau. Finally, the joint capsule and epidermis are sutured sequentially using 6–0 sutures. According to the IACUC protocol, analgesia and antibiotics treatments were administered for 3 days after DMM surgery. The Institutional Animal Ethics Committee of Taizhou Hospital approved all animal experiments (ethic code: tzy-2021170). The Health Guide for Care and Use of Laboratory Animals was regarded as the guideline for the care and use of our experimental animals. There were four groups to which we randomly assigned mice (n = 6): sham group, OA group (intra-articular injection with PBS), OA treated with low-dose SSD group (intra-articular injection with 2 mg/kg SSD), and OA treated with high-dose SSD group (intra-articular injection with 4 mg/kg SSD). The dosage of SSD is determined by referring to the relevant literature (Li et al., 2020; Qin et al., 2020). Pentobarbital (40 mg/kg) by intraperitoneal injection was used to anesthetize mice, and the DMM surgery was conducted on the right knee of each mouse except the sham group. After 1 week of the DMM surgery, PBS or SSD dissolved in PBS was intraperitoneally injected every other day during the 8-week period. The mice were allowed to get food, water, and free movements in the same way after surgery. All animals were maintained at a 12-h light/dark cycle, a relative humidity of 50 ± 10% within a constant temperature of 20 ± 2°C. The mice were euthanized at the end point, and all right knee joints were fixed by 4% PFA paraformaldehyde for further analysis.
Knee Joints Tissue Section Analysis
All knee joint specimens were decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 2 weeks. The decalcified samples were embedded in paraffin and cut into 4-μm sections. We used Safranin-O (S-O), hematoxylin and eosin (HE), and tartrate-resistant acid phosphatase staining (TRAP) staining reagents to stain the sections as previously described (Kim et al., 2014; Zhu et al., 2019). Finally, the Osteoarthritis Research Society International (OARSI) scoring system was used to evaluate the degree of destruction of articular cartilage (Glasson et al., 2010). Image ProPlus 6.0 software (MD, United States) was used to measure the number of TRAP-positive cells in the subchondral bone.
Statistical Analysis
All experimental data were presented as mean ± S.D. The experiments in vitro were performed at least three times. Each group of animal experiments was randomly assigned to 6 mice. SPSS statistical software version 20.0 (IBM Corp, Armonk, NY, United States) was used for statistical analysis. Two sets of data were compared using Student’s t-test or the Kruskal–Wallis test. The significance between various groups was examined with one-way analysis of variance (ANOVA) with Tukey’s post hoc test. p values ˂ 0.05 were considered statistically significant.
RESULTS
Effects of Saikosaponin D and IL-1β on ATDC 5 Chondrocytes Viability
The chemical structure of SSD is shown in Figure 1A. The morphology of ATDC 5 chondrocytes under the microscope is shown in Figure 1B. In order to determine the potential cytotoxicity of SSD, the ATDC 5 chondrocytes were incubated with or without SSD at various concentrations (0.5, 1, 2, 4, 8, 16, and 32 μmol/L) for 24 and 48 h. The cellular viability was determined using a CCK-8 assay kit. Figure 1C shows that SSD show no apparent cytotoxicity to the cells at concentrations of ≤4 μmol/L after a day or 2 days. Therefore, the concentrations of SSD (1, 2, or 4 μmol/L) were used in the following experiments. The cell viability of ATDC 5 chondrocytes decreased significantly under the stimulation of IL-1β (10 ng/ml), and the treatment of SSD reversed this phenomenon. Compared with IL-1β stimulation alone, ATDC 5 chondrocytes had a better viability after SSD treatment (Figure 1D).
[image: Figure 1]FIGURE 1 | SSD improved the cell viability of the cells stimulated by IL-1β and prevented cell death. (A) The chemical structure of SSD. (B) The morphology of ATDC 5 chondrocytes under the microscope (40×; 100×; Scale, 200 μm). (C) Effects of various concentrations of SSD on the cell viability. (D) The protective effects of SSD on the cells stimulated by IL-1β.
Saikosaponin D Attenuated IL-1β–Induced Differentiated ATDC 5 Chondrocyte Apoptosis
As shown in Figure 2A, the protective effects of SSD (1, 2, and 4 μmol/L) on the mature chondrocytes stimulated by IL-1β were detected. The results of high-density culture showed that the cells’ density increased significantly and the area of toluidine blue o solution staining was larger than the cells treated with IL-1β alone after SSD treatment. According to the results of flow cytometry (Figures 2B,C), the cell apoptosis under IL-1β stimulation was inhibited by SSD in a dose-dependent manner. Especially when the SSD concentration was 4 μmol/L, the cellular apoptosis rate was significantly lower than that of the IL-1β group.
[image: Figure 2]FIGURE 2 | SSD prevented IL-1β–induced differentiated ATDC 5 chondrocyte apoptosis. (A) The cells (density, 108/ml) stimulated by IL-1β were seeded in 24-well plates and treated with or without different concentrations of SSD for 5 days. Images of the cells stained with toluidine blue o solution. (B) The cellular apoptotic ratios in different groups were quantified by flow cytometry. (C) Statistical analysis of the cellular apoptosis results between groups. Mean ± SD was applied with all data. The experiments in vitro were performed independently at least 3 times. ***p < 0.001, **p < 0.01, *p < 0.05.
The Inhibition of Saikosaponin D on the Secretion of Inflammatory Factors by the Mature Chondrocytes
The cells were treated with different concentrations of SSD (0, 1, 2, and 4 μmol/L) under IL-1β–induced inflammatory conditions. Related inflammatory factors were detected by Western blot and qPCR. According to our experimental results, IL-1β upregulated the expression level of inflammation-related maker genes: TNF-α, IL-6, COX2, and INOS, whereas high concentration of SSD (4 mol/L) could decrease the degree to baseline (Figure 3A). Similarly, Figures 3B,C shows that SSD significantly decreased the protein level of COX2 and INOS in a dose-dependent manner. Together, these data found that SSD could reverse the upregulation trend of inflammatory cytokines under IL-1β stimulation at the gene and protein levels.
[image: Figure 3]FIGURE 3 | SSD attenuated the production of inflammation-related factors and protected the ECM from damage under the stimulation of IL-1β. The mature chondrocytes stimulated by 10 ng/ml IL-1β or not were incubated with different concentrations of SSD (0, 1, 2, and 4 μM) for 2 days. The extracted RNA and total protein were used for further analysis by Western blot and qPCR. (A) SSD inhibited the expression level of inflammatory cytokine related marker genes in a dose-dependent manner. (B) SSD suppressed the production of INOS and COX2, especially at 4 μM. (C) The quantification of INOS and COX2 protein expression levels. (D) SSD reduced the expression level of ADAMTS 5 and MMP13 and increased the expression level of Aggrecan and Collagen II in a dose-dependent manner. (E) The quantification of ADAMTS 5, MMP13, Aggrecan, and Collagen II protein expression levels. (F) Immunofluorescence was conducted to visualize Collagen II. (G) The quantification of Collagen II fluorescence intensity (original magnification, ×200; scale, 15 μm). Mean ± SD was applied with all data. The experiments in vitro were performed independently at least 3 times. ***p < 0.001, **p < 0.01, *p < 0.05.
Saikosaponin D Inhibited IL-1β–Induced Production of Extracellular Matrix Catabolic
To evaluate the protective effects of SSD on IL-1β–induced degradation of the ECM, the ECM components of chondrocytes were determined by using Western blot analysis and immunofluorescence. As shown in Figures 3D,E, IL-1β stimulation remarkably accelerated the production of ADAMTS 5 and MMP13 compared with the negative control group, while this trend was reversed by SSD pretreatment. Meanwhile, the expression levels of type II collagen and aggrecan decreased significantly after stimulation with IL-1β (10 ng/ml) for 24 h. SSD treatment protected these two kinds of ECM compositions from damage. In addition, the immunofluorescence results showed that the fluorescence intensity of type II collagen significantly decreased when the cells were stimulated with IL-1β alone, but the fluorescence intensity was increased after SSD treatment (Figures 3F,G). Therefore, SSD could promote ECM anabolism and suppress ECM catabolism.
The Binding Mode Between Saikosaponin D and Nrf2 Protein
According to the results of molecular docking, SSD has a strong binding effect with NrF2 target protein (binding energy of −8.19 kcal/mol) (Figures 4A–C). From the binding mode of SSD and Nrf2 protein, the amino acid residues that SSD binds to the active site of Nrf2 protein include LEU-86, ARG-84, LYS-83, CYS-81, ASN-80, ALA-78, LYS-39, PRO-34, VAL-90, etc. (Figure 4D). One end of the SSD is very hydrophobic. Multiple hydrophobic amino acids (LEU-86, ALA-78, PRO-34, and VAL-90) of the target protein form a strong hydrophobic interaction with the SSD, which helps stabilize the small molecules in the protein pocket. The other end of the SSD has more active groups, which can form strong hydrogen bond interactions with LYS-83, LYS-39, and GLN-79 (Figure 4E). The hydrogen bond distances are 2.5, 2.4, and 2.0 Å, respectively. In summary, the SSD and Nrf2 protein are well matched and strongly bound, and the complex formed is relatively stable.
[image: Figure 4]FIGURE 4 | Binding mode of Nrf2 with SSD. (A) The 3D structure of SSD. (B) The 3D structure of Nrf2. (C) The surface of Nrf2 with SSD. (D,E) The detail binding mode of Nrf2 with SSD. The backbone of protein was rendered in tube and colored in blue. SSD are rendered in yellow. Yellow dash represents hydrogen bond distance.
The Activation of Saikosaponin D on the Nrf2/HO-1/Reactive Oxygen Species Axis
According to previous studies, Nrf2 is maintained in the cytoplasm by Keap1 (Lu et al., 2016; Yamamoto et al., 2018). When Nrf2 is activated, Nrf2 is phosphorylated and translocated to the nucleus and quickly accelerates the expression of downstream HO-1 (Loboda et al., 2016). The activated Nrf2/HO-1 axis suppresses the production of ROS and the NF-κB signaling pathway in rheumatoid arthritis fibroblast like-synoviocytes (RA-FLSs) (Zhai et al., 2018). From the results in Figures 5A,B, SSD treatment significantly increased the expression of Nrf2 and HO-1 in a dose-dependent manner regardless of whether the cells were stimulated with IL-1β. Similarly, the results of ROS detection showed that SSD significantly reduced the fluorescence intensity of cellular ROS compared to the IL-1β group (Figures 5C,D). The results showed that SSD could activate the Nrf2/HO-1 axis and reduce the generation of ROS.
[image: Figure 5]FIGURE 5 | SSD activated the Nrf2/HO-1 pathway and suppressed the generation of ROS. (A) SSD increased the expression levels of Nrf2 and HO-1regardless of the existence of IL-1β stimulation. (B) The quantification of Nrf2 and HO-1 protein expression levels. (C) Immunofluorescence was conducted to visualize ROS level. SSD decreased cellular ROS immunofluorescence intensity under IL-1β stimulation. (D) The quantification of ROS immunofluorescence intensity. (E) SSD could not increase the expression level of HO-1 after Nrf2 was knocked out. (F) The quantification of Nrf2 and HO-1 protein expression levels. (G) SSD has no effects on cellular ROS level under IL-1β stimulation after Nrf2 was knocked out. (H) The quantification of immunofluorescence intensity (original magnification, ×200; scale, 15 μm). Mean ± SD was applied with all data. The experiments in vitro were performed independently at least 3 times. ***p < 0.001, **p < 0.01, *p < 0.05.
Nrf2 siRNA Suppressed the Activation of the Nrf2/HO-1 Pathway and the Generation of Reactive Oxygen Species
According to the results of Western blot, Nrf2 knockdown significantly reduced the expression level of HO-1. Compared with the si-NC group, SSD could not activate the Nrf2/HO-1 signal pathway after Nrf2 was knocked down (Figures 5E,F). In addition, the results of ROS detection indicated that the production of ROS was significantly increased in the si-NC group (Figures 5G,H). At this time, SSD could not play the role of activating the Nrf2/HO-1/ROS axis.
Effects of Saikosaponin D on NF-κB and Mapks Signaling Pathways in Differentiated ATDC 5 Chondrocytes
To further investigate the molecular mechanism of SSD on the NF-κB and Mapks signaling pathways in differentiated ATDC 5 chondrocytes, related protein expression levels in these signaling pathways were measured by Western blot analysis. Figures 6A,B showed that IκBα was degraded after IL-1β stimulation compared with the negative control group. The phosphorylation of p65 and IκBα was remarkably upregulated in the IL-1β group. However, the phosphorylation levels of P65 and IκBα was decreased significantly by SSD treatment. The Mapks play a key regulatory role in the production of pro-inflammatory factors. We observed that IL-1β enhanced the phosphorylation level of ERK, JNK, and P38, but SSD could not significantly reduce related phosphorylation levels (Figure 6C). Consistent with the results of immunofluorescence, P65 had a higher fluorescence intensity in the nucleus in the IL-1β group and SSD treatment reduced the fluorescence intensity (Figures 6D,E). The results indicated that SSD prevented the P65 nuclear translocation mediated by the IκBα pathway.
[image: Figure 6]FIGURE 6 | Inhibition of SSD on the NF-κB signaling pathway. (A) SSD prevented IκBα from being degraded and inhibited the phosphorylation level of p-P65 and p-IκBα. (B) Above protein expression level was quantified using ImageJ. (C) SSD had no effects on Mapks signaling pathway–related proteins including P38, p-P38, ERK, p-ERK, JNK, and p-JNK. (D) Immunofluorescence was conducted to detect the P65 nuclear translocation. (E) The quantification of P65 fluorescence intensity (original magnification, ×200; scale, 15 μm). Mean ± SD was applied with all data. The experiments in vitro were performed independently at least 3 times. ***p < 0.001, **p < 0.01, *p < 0.05.
Saikosaponin D Attenuated the Progression of Cartilage Degeneration in Osteoarthritis Model Mice
Based on the results in vitro, an in vivo OA model mouse was established to further investigate whether SSD could delay the progression of OA. OARSI score, H&E staining, S-O staining, and TRAP staining were used to perform histological analysis on mice of each group. The ratio of the red-stained area to the total area (red/total area) in the OA histone proteoglycan S-O staining was reduced in the OA group, indicating that the associated cartilage matrix was degraded. However, the red area ratio increased significantly in SSD intraperitoneal injection groups (low- and high-dose groups) (Figure 7A). For the H&E staining results, the number of chondrocytes decreased remarkably and the thickness and shape of the articular cartilage was irregular in the OA group. The shape of the articular cartilage was more regular and there were more chondrocytes in SSD low- and high-dose groups (Figure 7B). According to the results of TRAP staining of histological sections, the number of TRAP-positive cells were decreased in SSD low- and high-dose groups compared with the OA group (Figures 7D,E). Consistent with the above results, the OARSI scores of SSD treatment groups were significantly lower than that of the OA group and closer to that of the sham group (Figure 7C). Therefore, SSD intraperitoneal injection suppressed the progression of cartilage degeneration in OA model mice.
[image: Figure 7]FIGURE 7 | SSD treatment delayed the progression of cartilage destruction in OA mice and decreased the osteoclasts in the knee joints’ subchondral bone. (A,B) The S-O staining and H&E staining images of the right knee articular cartilage of 8-week-old male mice. SSD protected the mouse’s right knee articular cartilage from damage. (C) The knee joint damage of each group was evaluated according to Osteoarthritis Research Society International (OARSI) scores. (D) The images of subchondral bone TRAP staining in male mice at 8 weeks. The activity of osteoclasts was weakened in the subchondral bone of mice right joints after SSD treatment. (E) The TRAP-positive cells were measured in the subchondral bone of each group using ImageJ. Mean ± SD was applied with all data. There were 6 randomly assigned male mice in each group. ***p < 0.001, **p < 0.01, *p < 0.05.
DISCUSSION
Osteoarthritis (OA) is a common joint degenerative disease in the elderly. Both systemic and local factors are involved in the development of the disease (Martel-Pelletier et al., 2016). The clinical features of OA mainly include pain, joint dysfunction, and destruction of articular cartilage, resulting in restricted daily activities and even physical disability (Bijlsma et al., 2011). IL-1β and TNF-α are key pro-inflammatory cytokines involved in the pathophysiology of OA (Hosseinzadeh et al., 2016). Inhibiting the production of IL-1β and TNF-α could protect articular cartilage and reduce knee joint degeneration (Kapoor et al., 2011). However, the main purpose of current OA treatment is to relieve pain and improve joint function, including NSAIDs, analgesics, and joint lubricants (Kapoor et al., 2011). More and more studies have shown that plant and fruit extracts can be used in the treatment of related pro-inflammatory factor–mediated diseases (Azab et al., 2016). A recent study found that tangeretin downregulates IL-1β–induced secretion of inflammatory mediators and delays OA progression in mice (Shi et al., 2022). In our study, SSD is a triterpene saponin compound extracted from Bupleurum, which has various pharmacological activities such as anti-inflammatory, anti-oxidant, and antitumor activities (Li et al., 2019; Lai et al., 2020). This study found that SSD inhibited the expression level of inflammatory factors in the mature chondrocytes stimulated with IL-1β and increased the synthesis of the ECM in vitro.
Studies have found that IL-1β is an important inflammatory cytokine, which is significantly elevated in the knee synovial fluid of OA patients, and is closely related to the occurrence and development of OA. Therefore, the in vitro model of OA could be simulated by IL-1β–induced chondrocyte damage. The mature chondrocytes induced by IL-1β have an inflammatory response, and the expression of iNOS and COX2 increased at the mRNA and protein levels (Huang et al., 2009; Wojdasiewicz et al., 2014). Among them, iNOS belongs to the family of nitric oxide synthase (NOS) enzymes and is involved in NO synthesis (Cinelli et al., 2020). COX-2 can produce PGE2, an important inflammatory factor in the development of OA (Tong et al., 2018). Overexpression of inflammatory factors such as PGE2 and NO can disrupt the balance between ECM anabolism and catabolism (Amin et al., 2000). Studies have shown that inhibition of PGE2 and NO has a positive effect on the protection of articular cartilage (Wojdasiewicz et al., 2014). In addition, NO and PGE2 can induce chondrocytes to synthesize and release matrix metalloproteinases (MMPs) after reaching a certain amount of accumulation. MMPs are a major member of the proteolytic enzyme family, which participate in the process of chondrocyte apoptosis and destroy ECM components (aggrecan and collagen II). According to the results of previous studies, with the progress of OA, the levels of MMP-3 and MMP-13 increased significantly (Mehana et al., 2019). ADAMTS5 belongs to the ADAMTS protein family and participates in cartilage degradation during the OA progression. Studies have shown that ADAMTS5 cleaves proteoglycans in the early stages of OA. The loss of aggrecan in human OA cartilage explants is significantly reduced after transfection with siRNA, indicating that it may be a potential therapeutic target for OA (Hoshi et al., 2017; Malemud, 2019). When the ECM is destroyed, chondrocytes exposed to non-physiological load undergo apoptosis. At the same time, the high concentration of proteolytic enzymes accumulated by apoptosis will degrade aggrecan and collagen II. These factors lead to the further development of OA.
The NF-κB pathway involved in the progression of OA disease was regulated by the Nrf2/HO-1 axis (Bellezza et al., 2010). In the resting state, NF-κB binds to IκBα and is located in the cytoplasm. When stimulated by IL-1β, IκBα degraded and released P65 into the nucleus. The expression level of related inflammatory genes was accelerated, including COX-2, iNOS, MMPs, and ADAMTS (Rigoglou and Papavassiliou, 2013). As mentioned earlier, these inflammatory factors destroyed the balance between anabolism and catabolism of the ECM. Our experimental results showed that SSD activated the Nrf2/HO-1/ROS pathway and suppressed the IL-1β–induced NF-κB signaling pathway activation in the mature chondrocytes. Therefore, SSD attenuated IL-1β–induced chondrocyte apoptosis via the Nrf2/HO-1/ROS axis.
We performed mice DMM surgery on an in vivo research model of OA (Jia et al., 2019; Yan et al., 2020). Compared with the sham group, mice undergoing DMM surgery experienced joint space stenosis, cartilage erosion, and a decrease in the number of chondrocytes. Compared with the sham group, there were larger cartilage matrixes, more chondrocytes, fewer osteoclasts, and lower OARSCI scores in SSD intraperitoneal injection groups. Our experimental results showed that SSD could suppress cartilage destruction and chondrocyte loss in vivo OA model mice.
In summary, this study demonstrated that SSD inhibited differentiated ATDC 5 chondrocytes inflammatory apoptosis via the Nrf2/HO-1/ROS axis in vitro and suppressed cartilage destruction and chondrocyte loss in vivo. All above findings showed that SSD might have the potential to become a therapeutic drug for human OA in the future.
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Ulcerative Colitis (UC) is a major form of chronic inflammatory bowel disease of the colonic mucosa and exhibits progressive morbidity. There is still a substantial need of small molecules with greater efficacy and safety for UC treatment. Here, we report a N-acetyldopamine dimer (NADD) elucidated (2R,3S)-2-(3′,4′-dihydroxyphenyl)-3-acetylamino-7-(N-acetyl-2″-aminoethyl)-1,4-benzodioxane, which is derived from traditional Chinese medicine Isaria cicadae, exhibits significant therapeutic efficacy against dextran sulfate sodium (DSS)-induced UC. Functionally, NADD treatment effectively relieves UC symptoms, including weight loss, colon length shortening, colonic tissue damage and expression of pro-inflammatory factors in pre-clinical models. Mechanistically, NADD treatment significantly inhibits the expression of genes in inflammation related NF-κB and MAPK signaling pathways by transcriptome analysis and western blot, which indicates that NADD inhibits the inflammation in UC might through these two pathways. Overall, this study identifies an effective small molecule for UC therapy.
Keywords: N-acetyldopamine dimer, ulcerative colitis, inflammation, NF-κB pathway, MAPK pathway
INTRODUCTION
Ulcerative Colitis (UC) is a chronic inflammatory bowel disease that shows increasing incidence worldwide (Ordás et al., 2012; Ng et al., 2017). The incidence of UC in North America, Europe, and Oceania is greater than 15 per 100,000 person-years (Du and Ha, 2020). The annual incidence of UC, among Asian countries, is relatively high in China with a mean of 1.18 per 100,000 person-years (Zhou et al., 2021). The occurrence of UC is influenced by many factors, including genetic, environmental, and luminal factors (Ordás et al., 2012). The pathophysiology of UC is multifaceted and its etiology is still not completely understood.
Mucosal inflammation in UC usually starts from the rectum and gradually extends to part of or the entire colon (Ordás et al., 2012). Intestinal barrier disruption caused by an inflammatory cascade may lead to UC chronicity. Medical treatment of UC mainly focuses on reducing inflammation and uses mesalazine, corticosteroids, immune-suppressive drugs, and TNF-α monoclonal antibodies (Ordás et al., 2012). Nevertheless, side effect, safety, and tolerance issues with these drugs indicate an urgent need for effective agents with fewer unwanted properties. Natural products from traditional Chinese medicine might be promising resources of such molecules for UC treatment.
Isaria cicadae is a homologous medicine and food that displays anti-oxidation, anti-aging, anti-inflammation, and antitumor properties, ameliorates renal dysfunction, and shows remarkable immune modulation (Hua et al., 2016; Xu et al., 2018). I. cicadae has been used to cure inflammatory bowel disease in traditional Chinese medicine. The Compendium of Materia Medica, for instance, indicates that I. cicadae can cure malaria. A phytochemical search for active constituents in I. cicadae led to the isolation an N-acetyl dopamine dimer (NADD, Figure 1A), which was elucidated as (2R,3S)-2-(3′,4′-dihydroxyphenyl)-3-acetylamino-7-(N-acetyl-2″-aminoethyl)-1,4-benzodioxane. It was reported this compound exhibits antioxidant and anti-inflammatory properties (Xu et al., 2006), but its efficacy for the treatment of UC and underlying mechanism of anti-inflammatory activity are unclear.
[image: Figure 1]FIGURE 1 | The therapeutic effect of NADD on UC. (A) Molecular structures of NADD (B) Experiment flow diagram. (C) Images of murine colons among different groups of mice (D) Histogram of colon length after treatment with different concentrations of NADD. (E) DAI of mice among different treatment groups. (F) Body weight changes of mice among different treatment groups. Differences were statistically significant when compared with mice in the DSS group (*p < 0.05, **p < 0.01).
Dextran sulfate sodium (DSS) induces changes in the gut microbiome, especially causing an increase in the number of gram-negative anaerobes (Okayasu et al., 1990). Mice treated with DSS mimic severe pathophysiological damage seen in human UC (Okayasu et al., 1990; Cooper et al., 1993; Ohkawara et al., 2002; Forbes et al., 2004). Clinical manifestations of UC induced by DSS include weight loss, diarrhea, and occult blood in stools. These issues are summarized with the DAI (Perse and Cerar, 2012). Hence, DSS-induced UC mice are considered a good model to study the effects and potential mechanisms of pharmacologic agents in treating inflammatory colon disease (Cooper et al., 1993).
This study evaluated the efficacy of NADD toward UC and explored underlying anti-inflammatory mechanisms. DSS-induced UC mouse model was used to evaluate protective effects of NADD. Endpoints for assessing disease activity index (DAI), colon length, histopathological changes, as well as the secretion and gene expression of cytokines. Subsequently, lipopolysaccharide (LPS)-induced RAW264.7 macrophages were employed to investigate anti-inflammatory mechanisms. Transcriptional analysis combined with western blotting of LPS-induced RAW264.7 macrophages before and after NADD treatment was used to reveal related signaling pathways.
MATERIALS AND METHODS
Materials
I. cicadae was collected from a suburb of Ya’an, Sichuan province, China. DSS (40 KD) was purchased from Seebio Biotechnology Co., Ltd (Shanghai, China). TLR4 protein (purity ≥ 87%) was purchased from Sino biological. Bovine serum albumin (BSA) was purchased from Gemini. Animal Total RNA Isolation and Cell Total RNA Isolation Kits (RE-03014 and RE-03014113, respectively), RT EasyTM II (Master Premix for first-strand cDNA synthesis for Real-Time PCR RT-01022), and Real-Time PCR EasyTM-SYBR Green I (QP-01012) were purchased from Foregene (Chengdu, China). RNA Isolater Total RNA Extraction Reagent was purchased from Vazyme (R401-01, Nanjing, China). The Immobilon Western Chemiluminescent HRP Substrate was from Millipore (WBKLS0500, United States).
Preparation and Characterization of the NADD
Air-dried powder of I. cicadae (10 Kg) was extracted using 95% aqueous MeOH (3 × 100 l) under reflux. A crude extract was obtained after removing the solvent under reduced pressure. This extract was then suspended in distilled water (10 l) and placed on a macro-porous resin D101 column (D × L: 20 × 120 cm). The column was eluted with MeOH-H2O (0:100, 30:70, 60:40, 100:0, V/V) to yield four fractions (A-D). Fraction C (150 g) was placed on a silica gel column (100–200 mesh, D × L: 15 × 80 cm) and eluted with a PE-acetone gradient (100:0→1:1, V/V) to afford eight subfractions (C1-C8). Fractions C2 (4.1 g), C3 (1.9 g), and C4 (3.9 g) were combined, guided by TLC, and passed through a Sephadex LH-20 column (D × L: 2 × 180 cm, CHCl3-MeOH, 1:1). Finally, the combined fractions were further purified by preparative HPLC (5 μm, 120 A, D × L: 10 × 250 mm) with MeOH-H2O (30:70, 10 ml/min) to yield NADD (1.26 g, purity ≥98%, (Supplementary Figures S1, S2).
Animals
All animal experiments were conducted as per protocols accredited by the Animal Welfare Committee of Chengdu University of Traditional Chinese Medicine, and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Imprinting control region male mice (7 weeks old, 30–35 g) were supplied by Specific Pathogen Free (SPF) Biotechnology Co., Ltd (Beijing, China) and housed in the animal facility of the Laboratory Animal Center of Chengdu University of Traditional Chinese Medicine, under standard conditions. All mice were provided food and distilled water. Animal experiments were designed following reported procedures (Ma et al., 2018; Shi et al., 2020; Wang et al., 2021; Zhang et al., 2021). After one week of acclimatization, mice were randomly divided into six groups (n = 8 per group): normal group (normal), NADD administration group (NADD (20 mg/kg)), UC model group (DSS), rescue UC model groups administrated different concentrations of NADD—DSS + NADD (5 mg/kg), DSS + NADD (10 mg/kg), DSS + NADD (20 mg/kg). NADD was dissolved in normal saline.
Mice administered DSS or DSS combined with NADD were supplied with freely accessible 2.5% DSS in drinking water for first 7 days. DSS was discontinued in favor of distilled water for the last 3 days (days 8–10). Normal mice and mice administered NADD (20 mg/kg) were provided with only distilled water for all 10 days. From the third day, mice in DSS + NADD (5 mg/kg), DSS + NADD (10 mg/kg), DSS + NADD (20 mg/kg) groups were administrated low, middle, and high concentrations of NADD by gavage. Mice in normal and DSS groups were administrated the same volume of normal saline by gavage as parallel controls. Body weight and DAI were recorded daily during the experiment. DAI was evaluated on the last day as the sum of body weight loss, diarrhea, and fecal bleeding (Wang et al., 2021). All groups of mice were sacrificed and colon tissues were obtained; colon length of each mouse was measured. Colon tissues were divided into five parts for different analyses.
Morphological Analysis
Colon tissues were fixed with 4% paraformaldehyde for 24 h and dehydrated with 30% sucrose at 4°C for 72 h. Tissues were then embedded in paraffin. Embedded tissues were cut into 5 μm- thick sections and stained with hematoxylin-eosin (HE) or Periodic Acid-Schiff (PAS) (Naeem et al., 2020). Stained sections were visualized and images were captured by light microscopy.
RT-PCR of Colon Tissues
Total RNA of colon tissues was isolated using an Animal Total RNA Isolation Kit, and mRNA was reverse transcribed into cDNA using an RT EasyTM II Kit following the manufacture’s protocol. Expression of target genes was assessed with RT-PCR using Analytikjena (qTOWER3 G, Germany) and Real-Time PCR EasyTM-SYBR Green I. Sequences of primers TNF-α, IL-1β, iNOS, IL-6 and β-actin were previously reported (Wang et al., 2014). The primer sequences of Ikbkb, CCL2, Rela (p65), Nfkb1 (p50) and Nfkb2 (p52) were designed as previously described (Listwak et al., 2013).
ELISA Analysis of Colon Tissues
Colon tissues were lysed in PBS using a tissuelyzer (Servicebio, KZ-III F, China), then centrifuged and supernatants collected. TNF-α, IL-1β and IL-6 in supernatants were assessed using enzyme-linked immunosorbent assay (ELISA) kits (Multi Science, China), following the manufactures instruction. Absorbance was measured at 450 nm.
Cell Culture
Murine leukemic monocyte macrophage cells (RAW264.7 macrophages) were cultured in a DMEM complete medium with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C in a humidified atmosphere with 5% CO2. In cell culture experiments, both NADD and LPS were dissolved in DMSO, therefore, DMSO was used as control.
Cell Viability Assay
RAW 264.7 macrophages were seeded into 96-well plates at a density of 8 × 103 cells/well. Cells achieved a density of 60–70% by the next day. Cells were then pre-treated with different concentrations of NADD (0 μM, 10 μM, 30 μM, 60 μM, 100 μM, 200 μM) for 1 h, followed by co-treating with or without 1 ug/mL LPS for 24 h. Subsequently, 10 μl of Cell Counting Kit-8 reagent (CCK8, MCE, HY-K0301) was added to each well and incubation continued for 3 h. Finally, optical density of formazan was measured at 450 nm using a microplate reader to assess cell viability (Thermo, Varioskan, MA, United States).
Transcriptome Sequencing (RNA-Seq)
RAW264.7 macrophages were seeded into 10 cm plates. When cells achieved a density of 60–70%, they were pre-treated with NADD at the concentration of 60 μM or without NADD for 1 h, followed by co-treatment with or without 1 μg/ml LPS for 24 h and generated three groups (DMSO group, LPS group, NADD + LPS group). A total of 5 × 106 cells were collected and lysed with RNA Isolater Total RNA Extraction Reagent. Lysates or fresh colon tissues were sent for transcriptome sequencing at Annoroad Biotechnology Co., Ltd (Zhejiang, China): Purity, concentration, and integrity of total RNA samples were assessed before further analysis. A cDNA library was obtained after amplification and purification. Finally, the cDNA library was sequenced using the Illumina NovaSeq 6000 platform with a 150-bp pair-end sequencing strategy to generate raw reads. Clean reads were obtained after removing adapter, poly-N sequences, and inferior quality reads. These reads were mapped to the Mus musculus (GRCm39 (Howe et al., 2021)) reference genome sequence using HISAT2 (Kim D. et al., 2019) tools. We assembled transcripts using HTSeq (Anders et al., 2015) for each sample to obtain gene read counts. Differential gene expression was assessed using DESeq2. Only genes with p-value < 0.05 and fold change value ≥ 1.5 were considered as significantly differentially expressed. We use cluster profiler (Wu et al., 2021) to assess KEGG pathway enrichment of DEGs. Volcano and heatmap plots were drawn in R. We used the upregulated genes and downregulated genes after LPS treatment as the background gene sets datasets, respectively. The upregulated and downregulated genes after LPS + NADD treatment were sorted according to the fold changes and used as input data for GSEA analysis. The related results showed whether the upregulated and downregulated genes were enriched in the term of background gene sets.
Western Blotting
RAW264.7 macrophages were seeded into 6-well plates at a density of 5 × 105 cells/well. When the cells achieved a density of 60–70%, they were pre-treated with different concentrations of NADD (10 μM, 30 μM, 60 μM) for 1 h, followed by co-treatment with or without 1 ug/mL LPS for 24 h. Subsequently, cells were collected and lysed with RIPA lysis buffer at 4°C for 30 min, centrifuged, and supernatants collected. The protein concentrations were then analyzed using a BCA protein assay kit (Beyotime, P0012, China) following the manufacturer’s instructions. Aliquots with equal amounts of protein were loaded into wells of SDS-PAGE gels, subjected to electrophoresis and protein transferred to PVDF membranes (Ju et al., 2021). After blocking with 10% BSA, membranes were incubated with primary antibodies at 4°C overnight. Primary antibodies were: TLR4 (1:4000, Proteintech, 66350-1-Ig, China), IKK-α (1:1,000, CST, 11930 s, United States), p-IKK-α (1:1,000, CST, 2,697 s, United States), NF-κB-P65 (1:1,000, CST, 8,242 s, United States), p-NF-ΚB-P65 (1:1,000, CST, 3,033 s, United States), IκB-α (1:1,000, CST, 4812 s, United States), p-IκB-α (1:1,000, CST, 5,209 s, United States), P38 (1:1,000, CST, 8,690 s, UnitedStates), p-P38 (1:1,000, CST, 4511s, United States), R-iNOS (1:1,000, NOVCCS, NB300-605SS, United States), COX-2 (1:1,000, abcam, ab179800, United States), α-tubulin (1:20,000, proteintech, 66031-1-Ig, China). Membranes were washed three times, and incubated with species-specific secondary antibodies at room temperature for 2 h: HRP-Anti-mouse-IgG (1:5,000, servicebio, GB23301, China), and HRP-Anti-rabbit-IgG (1:5,000, servicebio, GB23303, China). Finally, targeted proteins were visualized using HRP substrate for immunoblotting and detected using a Chemiluminescent Imaging System (MiniChemi 610, China). The immunoblots of targeted proteins were analyzed using ImageJ.
Statistical Analysis
All inter-group comparisons were assessed using one-way analysis of variance by SPSS 26 and reported as mean ± standard deviation (SD). p < 0.05 was considered statistically significant, and a post-hoc analysis was done to determine which comparisons were significant.
RESULTS
NADD Alleviates Colitis Symptoms
The UC model was specifically constructed by receiving 2.5% DSS in drinking water on days 0–7, followed by normal drinking water for the last 3 days before sacrifice. Subsequently, different concentrations of NADD were administered orally from the fourth day to assess their impact on colitis. Parallel control groups (normal and DSS) were administrated with normal saline (Figure 1B). The UC model was constructed successfully as indicated by findings in normal and DSS group mice (Figures 1C–E). Further, mice administered NADD were compared to UC model mice to assess the therapeutic effect of NADD. The colon in DSS group mice appeared red, bleeding and shortened. In contrast, the colon for animals administered NADD gradually improved and became similar to normal mice. No differences were observed between colons from normal and NADD treated mice. Colon length shortened significantly in mice exposed to DSS when compared with normal animals (Figure 1C, ##p < 0.01). However, NADD administration gradually reversed this shortening increasing oral dose (Figure 1D, *p < 0.05, **p < 0.01). No changes in DAI were noted between colons from normal and NADD treated mice. Compared with normal and NADD treated mice, all the DAI increased with time in DSS and DSS + NADD treated animals. However, the increase of DAI in DSS group was most notable over time, because NADD administration reversed this increase of DAI induced by DSS in a dose-dependent manner (Figure 1E, *p < 0.05, **p < 0.01). The body weight of DSS-exposed mice decreased over time, while the body weight of normal and NADD treated animals increased gradually. Compared with DSS group mice, the body weight of DSS + NADD treated animals increased significantly each day: In the low concentration group [DSS + NADD (5 mg/kg)], there were a trend of body weight increasing on days 5–10, but only on day 7, the increase was significantly; In the middle concentration group [DSS + NADD (10 mg/kg)], the trends of body weight increasing were more notable on days 4–10, and there were significantly increasing of body weight on days 5, 6, 7, and 9; In the highest concentration group [DSS + NADD (20 mg/kg)], the trends of body weight increasing were most notable, and there were significantly increasing of body weight on days 4, 5, 6, 7, 8, 9, and 10. To sum up, increases were most significant for mice administered NADD+20 (mg/kg) (Figure 1F, *p < 0.05, **p < 0.01). NADD thus relieved the symptoms of DSS-induced UC in a dose-dependent manner.
NADD Reduced Histologic Injury of Colitis Induced by DSS
Histological damage in colon tissues from DSS-induced UC reflected injury seen in human UC. Pathology included the disappearance of colonocytes, mucin depletion, decreases in goblet cells and crypts, neutrophil infiltration of lamina propria, and submucosa, and edematous submucosa (Perse and Cerar, 2012). Normal mucosa, thin submucosa and muscularis was found in the colon of normal and NADD (20 mg/kg) treated mice, and columnar colonocytes, goblet cells and long crypts were found in the mucosa (Figure 2A). The mucosa layer in DSS-exposed mice was disrupted, colonocytes and goblet cells disappeared, long crypts loosened, submucosa was edematous, and a large number of neutrophils infiltrated into the mucosa and submucosa, accompanied by crypt abscesses. However, NADD administration protected colon tissues from damage induced by DSS. Colonocytes, goblet cells and long crypts increased, the submucosa became thinner, and neutrophil infiltration was less prominent. These protective effects of NADD became more obvious with increasing concentration. Conversely, PAS was used to identify goblet cells by staining secreted mucin glycoproteins. Mucin layers are considered protective factors against colitis (Chen et al., 2019). Colons from normal and NADD group mice showed mucin glycoprotein (Figure 2B). NADD increased mucin glycoproteins in a concentration-dependent manner. The grading of histological score was refer to references (Cooper et al., 1993; Kim S. E. et al., 2019). The pathohistological scores increased and the number of goblet cells lost significantly in the DSS only group than Normal and NADD only groups. However, the administration of NADD significantly decreased the pathohistological scores and increased the number of goblet cells in a concentration-dependent manner (Figures 2C,D). NADD thus protected against morphological changes induced by DSS exposure.
[image: Figure 2]FIGURE 2 | HE and PAS staining. (A) Representative images of HE staining sections of colon; GC, goblet cells (red arrows); Cr, Crypts; Co, Columnar colonocytes (black arrows); SubM: Submucosa; Cells in the circle are Neutrophils. (B) Representative images of PAS staining; Amaranth granules are mucin glycoproteins (green arrows). (C) Histological scores of colon tissues with or without DSS induction and with or without administration of NADD. (D) The number of goblet cells of colon tissues with or without DSS induction and with or without administration of NADD. Differences were statistically significant when compared with the DSS group mice (*p < 0.05, **p < 0.01).
NADD Downregulated mRNA and Protein Levels of Proinflammatory Factors
UC is typically accompanied by the secretion of various proinflammatory factors, including TNF-α, IL-6, IL-1β, and NF-κB. For example, NF-κB induces an increase in NO concentrations by activating inducible nitric oxide synthase (iNOS) (Kimura et al., 2000). In this study, transcription levels of NF-κB, TNF-α, IL-6, IL-1β and iNOS were increased significantly in the colon tissues of DSS group mice compared with that of the normal and NADD only group animals (**p < 0.01). Thus, DSS exposure successfully induced inflammation of colon tissues in mice (Figure 3A). Transcription levels were downregulated in a concentration-dependent manner by NADD (**p < 0.01). Similarly, protein levels of TNF-α, IL-6, and IL-1β were also highest in DSS group mice, and became lower following NADD treatment (**p < 0.01). IL-6 levels of DSS + NADD (10 mg/ml) and DSS + NADD (20 mg/ml) groups also decreased significantly (#p < 0.01, ##p < 0.01) compared with mice treated with the low concentration of NADD (DSS + NADD (5 mg/ml)) (Figure 3B). NADD thus shows anti-inflammation activity for DSS-induced UC.
[image: Figure 3]FIGURE 3 | Gene expressions and protein levels of proinflammatory factors. (A) mRNA expression levels of NF-κB, TNF-α, IL-6, IL-1β, and iNOS in colon tissues from mice in different treatment groups. (B) ELISA results of proinflammatory factor levels, including TNF-α, IL-6, IL-1β, in colon tissues from mice in different treatment groups. Differences were statistically significant when compared with the DSS group mice (*p < 0.05, **p < 0.01), and compared with the mice treated with DSS + NADD (5 mg/kg) (#p < 0.01, ##p < 0.01).
NADD Inhibits LPS-Stimulated Inflammation in a Concentration-Dependent Manner
RAW264.7 macrophages are a monocyte/macrophage-like cell linage (Kong et al., 2019) and LPS stimulates RAW264.7 to induce inflammation. This activity is accompanied by the expression of proinflammatory cytokines and iNOS (Plociennikowska et al., 2015; Kong et al., 2019). RAW264.7 macrophages activated by LPS change morphology from round to irregular and pseudopodia are expanded (Figure 4A). Cells treated with DMSO and 60 μM NADD were round and small, basically with no pseudopodia. After LPS exposure, most cells became irregular, cell bodies enlarged, and pseudopodia expanded. RAW264.7 macrophages treated with NADD showed reduced numbers of activated cells, and greater numbers of normal cells in a concentration-dependent manner. The statistical analysis showed that the morphological changes were significant as compared with the LPS group (Figure 4B). Further, NADD significantly decreased the generation of NO. This effect was also concentration-dependent (Figure 4D, *p < 0.05, **p < 0.01). Compared with 10 μM and 30 μM NADD, the higher concentration of NADD (60 μM) induced a better anti-inflammation (Figure 4D) effect without adverse impacts on cell phenotype and viability with or without LPS stimulation (Figures 4A,C). NADD thus shows anti-inflammatory activity in vitro.
[image: Figure 4]FIGURE 4 | The effect of NADD on LPS-induced inflammation in vitro. (A) The morphology of RAW264.7 macrophages treated with DMSO, NADD-60 μM, LPS, LPS + NADD-10 μM, LPS + NADD-30 μM, LPS + NADD-60 μM, LPS + NADD-100 μM, and LPS + NADD-200 μM. Red arrows indicate activated macrophages; white bar = 100 μm. (B) The statistical analysis of morphologic changes of RAW264.7 macrophages treated with DMSO, NADD-60 μM, LPS, LPS + NADD-10 μM, LPS + NADD-30 μM, LPS + NADD-60 μM, LPS + NADD-100 μM, and LPS + NADD-200 μM. Differences were statistically significant when compared with the LPS group (*p < 0.05, **p < 0.01). (C) Cell viability by CCK8; without LPS: RAW264.7 macrophages were not stimulated by LPS; with LPS: RAW264.7 macrophages were stimulated with LPS after cells were pre-treated with different concentrations of NADD. Differences were statistically significant when compared with the 0 μM group (**p < 0.01, without LPS; #p < 0.05, with LPS). (D) NO in culture supernatant from different groups of cells. Differences were statistically significant when compared with the LPS group (*p < 0.05, **p < 0.01).
NADD Treatment Reversed LPS-Induced Changes of Gene Expressions
Transcriptome analysis was used to assess anti-inflammatory mechanisms of NADD. First, RAW264.7 macrophages were treated with LPS for 24 h to induce inflammation in vitro. Cells treated with DMSO served as a parallel control. Another group of cells were pre-treated with NADD (60 μM) for 1 h followed by LPS treatment for the next 24 h. Genome-wide profiles of differentially expressed genes (DEGs) were obtained by RNA-seq from all groups of cells. Cut-off criteria for volcano plots was fold change≥1.5 and p < 0.05 to identify DEGs. Many more DEGs were observed when comparing LPS and DMSO treated cells than when comparing LPS + NADD and LPS treated cells. Almost all genes downregulated by LPS treatment were upregulated after LPS treatment plus NADD treatment (Figures 5A,B), for example, Nrros, which downregulates ROS production (Bonini and Malik, 2014). Also, almost all genes upregulated by LPS treatment were downregulated after LPS treatment plus NADD treatment (Figures 5A,B), for example, Saa3, which is an inflammatory ligand that stimulates the production of IL-6 and TNF-α (Zhuang et al., 2017). The Venn diagrams (Figure 5C) showed 7,206 DEGs between LPS and DMSO treated cells, and 284 DEGs between LPS + NADD and LPS treated cells. Notably, almost 72% of the LPS + NADD affected genes (204/284) were also DEGs affected by LPS treatment alone. 93 DEGs that were down-regulated by LPS could be up-regulated by treatment of LPS + NADD, and 45 DEGs that were up-regulated by LPS could be down-regulated by treatment of LPS + NADD. The heat-map (Figure 5D) also shows that expression changes after LPS treatment are reversed by NADD treatment (fold change≥1.5, p < 0.05): Downregulated genes after LPS treatment were upregulated by NADD and vice-versa. Furthermore, gene set enrichment analysis (GSEA) illustrated the gene sets of up-regulated and down-regulated genes following LPS + NADD treatment (Figure 5E). As expected, NADD could reprogram the expressions of LPS regulated gene sets (Figure 5E). The intersection pathways enriched by both conditions were showed in Figure 5F, and the results showed that DEGs under both conditions were enriched in NF-kB and MAPK pathways. These findings suggest that NADD reverses LPS-induced inflammation at a transcriptional level. NADD inhibited LPS-induced Inflammation through TLR4/NF-kB and MAPK pathways.
[image: Figure 5]FIGURE 5 | The result of RNA-seq. (A) The volcano plot of DEGs between LPS and DMSO treated RAW264.7 macrophages; The red dots show significantly DEGs. (B) Volcano plot of DEGs between LPS + NADD LPS treated RAW264.7 macrophages; the red dots show significantly DEGs (C) Venn diagrams of overlapping genes with LPS only treatment and LPS + NADD treated RAW264.7 macrophages. (D) Heatmap of 204 common DEGs in LPS and LPS + NADD treated RAW264.7 macrophages. (E) GSEA analysis result of DEGs. (F) KEGG enrichment analysis of DEGs. The DEGs were defined by |foldchange| > 2 and p < 0.05.
RAW264.7 macrophages were treated with LPS and different concentrations of NADD to further explore anti-inflammatory effects of NADD in vitro. Western blotting was used to detect representative proteins involved in inflammatory signaling. Protein levels of p-IKK/IKK, p-NF-κB p65/ NF-κB p65, and p-IκBα/ IκBα in the NF-κB pathway were significantly elevated in LPS treated cells compared with DMSO and 60-μM treated cells. However, this effect was reversed significantly by NADD in a concentration-dependent manner (*p < 0.05, **p < 0.01) (Figures 6A–D). LPS treatment also significantly upregulated protein levels of p-JNK/JNK, p-ERK/ERK and p-P38/P38 compared with DMSO and 60 μM treated cells, and NADD reduced the levels of these proteins in a concentration-dependent manner (*p < 0.05, **p < 0.01) (Figures 6E–H). NADD thus suppress inflammation through modulation of NF-κB and MAPK pathways.
[image: Figure 6]FIGURE 6 | Protein levels of NF-kB and MAPK pathway factors after LPS and NADD treatments. (A) Expression of IKK, p-IKK (LPS stimulated 30 min), NF-kB p65, p-NF-kB p65 (LPS stimulated 60 min), IKBα and p-IKBα (LPS stimulated 60 min) in the NF-kB pathway. Tubulin were internal reference proteins. Bar charts showing expression of p-IKK/IKK (B), p-NF-kB p65/NF-kB p65 (C) and p-IKBα/ IKBα (D). (E) expressions of ERK, p-ERK (LPS stimulated 15 min), JNK, p-JNK (LPS stimulated 30 min), P38 and p-P38 (LPS stimulated 30 min) in the MAPK pathway; Tubulin was the internal reference protein; Bar charts showing expression of p-ERK/ERK (F), p-JNK/JNK (G) and p-IKBα/IKBα (H). Differences were statistically significant when compared with the LPS treated cells (*p < 0.05, **p < 0.01).
DISCUSSION
The etiology of UC is murky and complicated (Eisenstein, 2018). Hence, an effective strategy for screening compounds for useful clinical activity is to use pathological phenotype, including body weight, DAI, colon length, and histological changes. The latter may include disruption of epithelial barriers, goblet cell depletion, and damage to mucosa (Perse and Cerar, 2012; Chen et al., 2019). Damage to the epithelial barrier caused by UC allows gut microorganism invasion and enhances serious inflammation (Eisenstein, 2018). Hence, anti-inflammatory drugs are expected to be effective in treating UC. In this study, NADD was extracted from I. cicadae. The utility of this compound for treating UC has been observed and anti-inflammatory mechanisms were partially revealed.
NADD was found to significantly reduce DSS-induced DAI, improve colon length shortening, and reduce body weight loss. Especially, NADD decreases DAI, which reflects the main signs UC. Further, NADD administration significantly restored DSS-induced disruption or loss of the mucosal layer, columnar colonocytes, goblet cells and long crypts, and rescued submucosa edema and neutrophil infiltration into mucosa and submucosa. The actions of NADD were concentration-dependent. Therefore, NADD displayed the ability to relieve signs and symptoms of DSS-induced UC. In Figure 1F, although there were decreases of body weights in NADD group (Supplementary Figure S3), considered that NADD did not change the DAI when compared with normal group, we suspected that NADD may have a role of weight loss. However, the specific reason and underlying mechanism of decreasing of body weight need further studies in future.
DSS-induced UC is usually accompanied by disruption of the intestinal mucosal barrier accompanied by immune cell infiltration of mucosa and submucosa (Perse and Cerar, 2012). Further, bacterial invasion is also typical (Johansson et al., 2010). The main structural component of gram-negative bacteria is formed by LPS. The LPS receptor is the TLR4/MD-2 complex. This complex plays an important role in inflammation initiated by bacterial invasion (Kogut et al., 2005; St Paul et al., 2012; Yao et al., 2019). NF-κB is a downstream molecule of TLR4 signaling (Luo et al., 2012) and is often upregulated or over-activated in inflammatory disorders (Atreya et al., 2008; Danese and Mantovani, 2010). Activated NF-κB enters the nucleus and promotes the transcription of important cytokines (Thompson and Van Eldik, 2009; Cao et al., 2018). NF-κB is activated by phosphorylation, following ubiquitination and degradation of IκBs, IκBs phosphorylated by phosphorylated IKK (Atreya et al., 2008; Napetschnig and Wu, 2013). The MAPK pathway involves well-known proteins, such as P38, ERK, and JNK (Chang and Karin, 2001), TLR4 activation also activates this pathway (Hofmann et al., 2017). Briefly, TLR4 actives MyD88 and MyD88 activates TAK1. Subsequently, P38, ERK, and JNK are activated by TAK1, which activates activator protein 1 (AP-1). This protein promotes the production of proinflammatory cytokines and the initiation of inflammation (Palsson-McDermott and O'Neill, 2004; Moresco et al., 2011; Zhang et al., 2020).
In this study, NADD suppressed transcriptional and protein expression of proinflammatory cytokines, including TNF-α, IL-6 and IL-1β, and NF-κB induced by DSS in vivo (Figure 4). Although the pinnacle of LPS-induced transcriptional changes in macrophages is 4–6 h, we detected some interested gene changes of LPS+/−NADD on macrophages after 24 h, because we analyzed transcripts of TNF-α, IL-6 and IL-1β after 4 h of LPS+/−NADD treatment, the results showed that NADD reversed the increasing transcription level of TNF-α, IL-6 and IL-1β after 4 h of LPS treatment in a concentration dependent manner (Supplementary Figure S4). This result was consistent with the RNA-seq result. RNA-seq of macrophages showed that NADD reversed the gene signature generated by LPS exposure in vitro. Thus, results in vivo and in vitro are consistent. Subsequent western blotting showed that NADD significantly reduced phosphorylation of IKK, NF-κB p65, and IKBα in the NF-κB pathway, and suppressed the activation of JNK/ERK/P38 in the MAPK pathway. Considering the important role of LPS receptor TLR4 in the inflammation both in vitro and in vivo, we have predicted whether there was an interaction between NADD and TLR4 by molecular docking, and the result showed that NADD could docking with the pocket of the TLR4/MD-2 (Supplementary Figure S5), and this result indicated NADD may combine directly with the TLR4/M2 complexes, prevent them from combining to TLR4 receptor. Thus, TLR4 signaling may be prevented by NADD, as well as the downstream pathways NF-κB and MAPK. NF-κB and MAPK pathways are closely linked and therefore NADD may alleviate DSS-induced UC through modulation of both pathways.
CONCLUSION
The present study shows that NADD significantly alleviates DSS-induced UC symptoms, such as increased DAI and histopathological changes including weight loss, colon length shortening, colonic tissue damage, as well as expression of proinflammatory factors in vivo. NADD also reverses LPS-induced gene signatures and LPS-related inflammatory signaling pathways including NF-κB and MAPK pathways in vitro. Hence, NADD may be a hit compound for UC therapy.
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Orphan nuclear receptor 4A2 (NR4A2/Nurr1) is a constitutively active transcription factor with potential roles in the onset and progression of inflammatory arthropathies. NR4A2 is overexpressed in synovium and cartilage from individuals with rheumatoid arthritis (RA), psoriatic arthritis, and osteoarthritis. This study documents the expression and tissue localization of NR4A2 and upstream regulator nuclear factor kappa B (NF-κB) in the human tumor necrosis factor-alpha (hTNF-α) transgenic mouse model of RA. Since TNF-α is a potent inducer of NR4A2 in vitro, we hypothesized that NR4A2 would also be upregulated and active during disease progression in this model. Expression levels of NR4A2, related receptors NR4A1 (Nur77) and 3 (NOR1), and NF-κB1 transcripts were quantified by RT-qPCR in hTNF-α and wild-type joints at three stages of disease. The protein distribution of NR4A2 and NF-κB subunit RelA (p65) was analyzed by quantitative immunohistochemistry. Global gene expression of 88 RA-related genes was also screened and compared between groups. Consistent with previous reports on the hTNF-α model, transgenic mice exhibited significant weight loss and severely swollen paws by 19 weeks of age compared to age-matched wild-type controls. NR4A1-3 and NF-κB1 were constitutively expressed at disease onset and in healthy joints. NF-κB1 transcript levels increased 2-fold in hTNF-α paws with established disease (12 weeks), followed by a 2-fold increase in NR4A2 at the late disease stage (19 weeks). NR4A2 and RelA proteins were overexpressed in inflamed synovium prior to symptoms of arthritis, suggesting that gene expression changes documented in whole paws were largely driven by elevated expression in diseased synovium. Broader screening of RA-related genes by RT-qPCR identified several differentially expressed genes in hTNF-α joints including those encoding inflammatory cytokines and chemokines, matrix-degrading enzymes and inhibitors, cell surface receptors, intracellular signaling proteins and transcription factors. Consensus binding sites for NR4A receptors and NF-κB1 were enriched in the promoters of differentially expressed genes suggesting central roles for these transcription factors in this model. This study is the first comprehensive analysis of NR4A2 in an animal model of RA and validates the hTNF-α model for testing of small molecules and genetic strategies targeting this transcription factor.
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INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory arthropathy with an estimated global population prevalence of 0.46% (Almutairi et al., 2021). RA is characterized by synovial membrane hyperplasia, leukocyte infiltration, and irreversible cartilage and bone destruction in multiple joints. Biological therapies targeting the inflammatory cytokine tumor necrosis factor-alpha (TNF-α) serve as robust treatment options for attenuating chronic inflammation in RA (Mitoma et al., 2018; Kerschbaumer et al., 2020). However, these agents are expensive and 30%–40% of RA patients have inadequate clinical responses (Rubbert-Roth et al., 2019). Furthermore, blocking TNF-α results in broad-spectrum immunosuppression that increases the risk of serious infections and some types of cancer (Sartori et al., 2019; Sepriano et al., 2020; Li et al., 2021). Elucidating molecular pathways downstream of TNF-α may lead to the development of more selective drugs capable of attenuating joint damage without compromising essential immune functions.
The orphan nuclear receptor 4A2 (NR4A2/Nurr1) may be a promising therapeutic target downstream of TNF-α and nuclear factor kappa B (NF-κB) signaling pathways. Τhis transcription factor is a member of the NR4A family of receptors along with NR4A1 (Nur77) and NR4A3 (NOR1). The NR4A receptors share a high degree of homology and may have functional redundancy in some cellular contexts (Crean and Murphy, 2021). In contrast to other nuclear receptors, the NR4A receptors are presumed to be constitutively active, ligand-independent factors regulated at the level of expression and post-translational modification (Zhao and Bruemmer, 2010). In response to inflammation, NF-κB and cyclic adenosine monophosphate response element binding protein (CREB) bind directly to the NR4A2 promoter and rapidly induce its expression in chondrocytes, synoviocytes, endothelial cells, and immune cells (McEvoy et al., 2002; Ralph et al., 2005; Pei et al., 2006; Mix et al., 2007). NR4A2 is also highly expressed in inflamed synovial tissues from individuals with RA and psoriatic arthritis as well as in cartilage from individuals with osteoarthritis (OA) (Murphy et al., 2001; McEvoy et al., 2002; Ralph et al., 2005; Mix et al., 2007; Aherne et al., 2009; Ralph et al., 2010; Mix et al., 2012). Over-expression of NR4A2 in synovial fibroblasts enhances proliferation, anchorage-independent growth, and invasion, suggesting critical roles for this receptor in synovial hyperplasia (Mix et al., 2012). At the transcriptional level, NR4A2 regulates expression of the chemokine interleukin 8 (IL-8), cartilage-degrading matrix metalloproteinases-1 and 13 (MMP-1, 13), and the immunomodulatory peptide hormone prolactin (Davies et al., 2005; Mix et al., 2007; Aherne et al., 2009; Mix et al., 2012; McCoy et al., 2015). While analyses of human joint tissues and cells have yielded important insight into NR4A2-dependent mechanisms, a comprehensive analysis of receptor mRNA expression levels and protein distribution has not been performed in an animal model of arthritis.
This study provides a detailed analysis of gene expression levels and joint tissue distribution patterns of the NR4A receptors and NF-κB in a transgenic mouse model of RA driven by chronic expression of the human TNF-α cytokine (hTNF-α, Taconic model 1006). Transgenic models expressing hTNF-α have demonstrated great utility for pre-clinical validation of therapies and insight into RA mechanisms (Douni et al., 2004; Zwerina et al., 2004; Delavallée et al., 2009; Binder et al., 2013; Li et al., 2016; Karagianni et al., 2019; Ubah et al., 2019). The hTNF-α transgenic mice studied here exhibit spontaneous and progressive inflammation leading to severe polyarthritis by 20 weeks of age. Since TNF-α is a potent inducer of NF-κB and NR4A2 in human joint cells, we hypothesized that these transcription factors would also be upregulated and active during disease progression in the hTNF-α model. To test this, we quantified NR4A1-3 and NF-κB mRNA levels by RT-qPCR and measured protein distribution by immunohistochemistry in joints from hTNF-α mice at different disease stages. In addition, a broader screen of RA-related genes was conducted and potential NR4A and NF-κB target genes were identified through promoter analyses. Our results provide the first spatiotemporal map of NR4A2 distribution in an animal model of RA and validate the hTNF-α model for testing of small molecules and genetic therapies targeting this transcription factor.
METHODS AND MATERIALS
Animals
Male hTNF-α transgenic and C57BL6/N wild-type mice were obtained from Taconic Biosciences (Model 1006; Hudson, NY, United States). The hTNF-α model was generated using a 2.8 kb transgene containing the human TNF-α gene with the full-length promoter and coding region. The endogenous 3′ untranslated region (UTR) of the human TNF-α gene was replaced with the human beta-globin 3′ UTR which served to stabilize the transcript (Keffer et al., 1991). The transgenic line was produced by pronuclear microinjection of B6SLJ (F2) hybrid zygotes and mice were backcrossed for over 20 generations onto the C57BL6/N genetic background. For this study, transgenic and wild-type littermates were maintained at Taconic Biosciences until 8 (n = 5), 12 (n = 4), and 19 weeks of age (n = 4), representing early, established, and late stages of RA (Taconic Biosciences, 2022). Mice were group-housed in a barrier facility with a 12-h light cycle and access to food and water ad libitum. At the end of the study, body mass was measured and clinical scores were assessed by Taconic Biosciences using a 24-point scoring system as follows: 20 digits scored as 0 (normal) or 0.2 (one or more swollen joints) for a maximum total digit score of 4, each paw scored as 0 (normal), 1 (noticeably swollen) or 2 (severely swollen) for a maximum total paw score of 8, each wrist scored as 0 (normal), 1 (noticeably swollen), or 2 (severely swollen) for a maximum total wrist score of 4 and each ankle scored as 0 (normal), 2 (noticeably swollen), or 4 (severely swollen) for a maximum total ankle score of 8 (Taconic Biosciences, 2022). Immediately after euthanasia, paws were dissected proximal to the ankle/wrist joints and transferred to RNAlater (left paws) and 10% neutral buffered formalin (right paws) for RT-qPCR and histology, respectively. Protocols were approved by the Institutional Animal Care and Use Committees at Taconic Biosciences and Loyola University New Orleans.
Immunohistochemistry and Imaging
Hind paws (n = 13 per genotype) were fixed in neutral-buffered formalin followed by decalcification with formic acid-based Decalcifier I (Leica), paraffin processed and embedded sagittally for microtomy. Serial 5 µm-thick sections were cut and mounted on Trubond 380 slides (Electron Microscopy Sciences). Slides were then heated for 45 min at 59°C, deparaffinized, re-hydrated, and formaldehyde cross-links were dissociated by submerging slides in pressure-heated citrate buffer (pH 6.0). Endogenous peroxidases were removed by treatment with 3% H2O2 in methanol and non-specific binding was reduced by incubation in Protein Block (Abcam). Sections were incubated overnight at 4°C with either rabbit polyclonal anti-NR4A2 (Novus NB110-40415), rabbit monoclonal anti-RelA (Abcam ab32536), rabbit IgG isotype control (Abcam 172730) or antibody diluent only. After washing, sections were incubated for 30 min in anti-rabbit Ig (H + L) secondary conjugated to horseradish peroxidase (Vector ImPRESS). The reaction product of Diaminobenzidine and H2O2 was used as substrate to visualize the tagged epitopes. Slides were counterstained with hematoxylin, mounted, and images collected with an Olympus BX51 microscope equipped with a digital camera driven by CellSens software (Olympus). Semi-quantitative scoring of RelA and NR4A2-positive cells in synovium and cartilage from at least two 400× fields per section was conducted by two blinded observers. Representative images from hTNF-α and wild-type joints at 400× magnification are shown.
RNA Extraction and RT-qPCR
Contralateral paws were dissected proximal to the ankle/wrist joints and the skin was removed. Tissue was coarsely minced with a scalpel and homogenized with a TissueTearor (Thomas Scientific, Swedesboro, NJ, United States). Total RNA was extracted using RNeasy fibrous tissue mini columns (Qiagen, Germantown, MD, United States), eluted into RNase-free water and quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific). RNA was reverse transcribed into complementary DNA (cDNA) using the iSCRIPT reverse transcriptase master mix (Bio-Rad, Hercules, CA, United States). Twenty microliter reactions were prepared with 1 µg of total RNA from each paw (50 ng/µl cDNA). Control reactions were prepared with the negative control master mix provided with the kit. Reactions were incubated in a Bio-Rad C1000 thermocycler for 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. Quantitative PCR was performed using iTaq Universal SYBR Green SuperMix (Bio-Rad, Hercules, CA, United States) and validated primers spanning exon-intron junctions in the mouse TATA-Box Binding Protein (TBP), NR4A1, NR4A2, NR4A3, and NF-κB1 genes (Bio-Rad, Hercules, CA, United States). Twenty microliter reactions were prepared in triplicate with 50 ng of cDNA from each sample and incubated in a CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) for 30 s at 95°C, 5 s at 95°C, 30 s at 60°C (40 cycles), followed by melting curve analysis from 65°C–95°C using CFX Manager Software (Bio-Rad, Hercules, CA, United States). Relative gene expression was calculated by the 2−ΔΔCt method (Livak and Schmittgen, 2001) with target gene levels normalized to TBP.
RT-qPCR Panels and Promoter Analysis
Pre-designed PrimePCR panels were used to analyze 88 mouse genes associated with RA and reference genes (Rheumatoid Arthritis Tier 1 M96, Bio-Rad, Hercules, CA, United States). Pooled cDNA from transgenic or wild-type paws (n = 4/group) at early or late time points was mixed with iTaq Universal SYBR Green SuperMix (Bio-Rad, Hercules, CA, United States) and added to each well of the PrimePCR reaction plates containing lyophilized primers. Reactions were incubated for 30 s at 95°C, 5 s at 95°C, 30 s at 60°C (40 cycles), followed by melting curve analysis from 65°C–95°C. Target gene expression was normalized to TBP and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the gene study analysis in the CFX Manager Software. Control assays included on each PrimePCR plate confirmed RNA integrity and the absence of contaminating genomic DNA. Thresholds for induced and repressed genes in hTNF-α mice were set at a >2-fold increase or a >0.5-fold decrease, respectively. Genes were classified as stable if fold-change values were between these thresholds. LASAGNA (Length-Aware Site Alignment Guided by Nucleotide Association)-Search, an integrated web tool for predicting transcription factor binding sites with the LASAGNA algorithm, was used to analyze gene promoters in all expressed genes (Lee and Huang, 2013). Promoter regions of mouse genes (−1,000 bp to 0) were scanned for NR4A2 (AAGGTCAC) and NF-κB1 (GGGGATTCCCC) binding sites using matrix derived JASPAR CORE models of consensus vertebrate binding sites, with a p-value threshold of <0.001.
Statistical Analysis
GraphPad Prism software (version 9.3.1) was used to generate graphs and compare gene and protein expression data between groups of age-matched transgenic and wild-type mice. Normality was confirmed with the D’Agostino-Pearson test and the unpaired t-test was applied to data in Figures 1, 3, 4 with the threshold of statistical significance at p < 0.05. The Mann Whitney test was used to analyze RT-qPCR data with deviations from normality in Figure 2 with a threshold of statistical significance at p < 0.05.
[image: Figure 1]FIGURE 1 | Progression of arthritis in hTNF-α transgenic mice. Wild-type and hTNF-α mice were studied at three stages of disease: early (8 weeks), established (12 weeks), and late (19 weeks). (A) Mean clinical score based on total paw swelling ±standard deviation. (B) Mean body mass (g) ± standard deviation. Unpaired t-test, *p < 0.05.
[image: Figure 2]FIGURE 2 | Gene expression analysis of target transcription factors. RNA was extracted from the paws of wild-type and hTNF-α transgenic mice at early, established, and late timepoints. Relative levels of NF-κB1 (A), NR4A1 (B), NR4A2 (C), NR4A3 mRNA (D) were measured by RT-qPCR and normalized to TBP. Horizontal bars represent mean expression levels for each group. Mann Whitney test, *p < 0.05, **p < 0.005.
RESULTS
Symptoms and physical signs of arthritis were monitored in hTNF-α transgenic mice at early (8 weeks), established (12 weeks), and late (19 weeks) disease stages. Transgenic mice appeared healthy at 8 weeks of age but demonstrated impaired mobility and reduced digit splaying by 12 weeks. Severe polyarthritis was evident in all transgenic mice by 19 weeks and elevated clinical scores reflected severely swollen digits, paws, and ankle joints (Figure 1A). Consistent with previous studies in this model (Taconic Biosciences, 2022), synovial hyperplasia, leukocyte infiltration, cartilage destruction, fibrosis, and subchondral bone erosion were observed in digit and ankle joints (data not shown). Furthermore, hTNF-α mice demonstrated a significant decrease in body mass at 12 and 19 weeks (Figure 1B, p < 0.05), consistent with RA-induced cachexia. In contrast, wild-type mice remained healthy and demonstrated a steady increase in body mass.
To investigate transcriptional pathways activated by hTNF-α signaling in this model, NF-κB and orphan nuclear receptor NR4A1-3 mRNA levels were measured in whole paws from transgenic and wild-type mice by RT-qPCR. NF-κB1 mRNA was expressed at similar levels between transgenic and wild-type groups at 8 weeks and increased 2-fold at established and late disease stages (Figure 2A, p < 0.05). All three NR4A receptors were detected without differential expression at 8 and 12 weeks (Figures 2B–D). At the late disease stage, NR4A2 was selectively upregulated 2-fold (Figure 2C, p < 0.05), while NR4A1 and 3 remained equivalent to wild-type levels. These gene expression results reflect the net expression patterns of NF-κB1 and the NR4A receptors in whole paws composed of multiple tissues and cell types.
To expand on these findings and measure the histological distribution of NF-κB and NR4A2 proteins, sections of contralateral paws from hTNF-α and wild-type mice were assayed by immunohistochemistry. RelA was detected in chondrocytes from wild-type and hTNF-α joints (Figures 3A,D,E,F). At the early stage of disease, 80% of hTNF-α chondrocytes in the resting zone of the articular surfaces stained positive for RelA (Figure 3I, p < 0.005). However, at the established and late disease stages, RelA positivity in cartilage decreased to wild-type levels without significant differences between groups Figures 3E,F,I. Synovial hyperplasia was observed with concurrent increases in RelA signal in synoviocytes (Figures 3B,H, >70%, p < 0.005) and cells in synovio-entheseal compartments (Figure 3C). Isotype controls confirmed the absence of background staining on paw sections (Figure 3G).
[image: Figure 3]FIGURE 3 | Localization of RelA in cartilage and synovium. RelA was detected in paws of wild-type and hTNF-α mice at early (A,D), established (B,E), and late (C,F) stages of disease by immunohistochemistry. Isotype control was applied to a transgenic section from the late stage of disease (G). Representative images at 400× magnification are shown. Scoring of RelA positive cells in synovium (H) and cartilage (I). Unpaired t-test, **p < 0.005, ***p < 0.0005.
NR4A2 was detected in a similar distribution pattern in both cartilage and synovium and ubiquitously expressed in superficial chondrocytes from hTNF-α and wild-type joints at the early timepoint (Figures 4A,D,I). A 10% decrease in NR4A2 positive chondrocytes was observed in both groups at late stage, but statistical significance was limited to the hTNF-α groups (Figure 4E,F,I, p < 0.05). Synovial hyperplasia coincided with increases in NR4A2 in the synovium (>80%) and abundant expression in synoviocytes at the sites of membrane insertion to the cartilage (Figures 4B,C,H, p < 0.0005). Isotype controls confirmed the absence of background staining on paw sections (Figure 4G). Taken together, elevated RelA and NR4A2 protein levels in synoviocytes suggest that gene expression changes noted in whole paws (Figure 2) are largely driven by disease changes in the synovium.
[image: Figure 4]FIGURE 4 | Localization of NR4A2 in cartilage and synovium. NR4A2 protein was detected in paws of wild-type and hTNF-α mice at early (A,D), established (B,E), and late (C,F) stages of disease by immunohistochemistry. Isotype control was applied to a transgenic section from the late stage of disease (G). Representative images at 400× magnification are shown. Scoring of NR4A2 positive cells in synovium (H) and cartilage (I). Unpaired t-test, *p < 0.05, ***p < 0.0005.
To further investigate arthritis-related molecular mechanisms in the hTNF-α model, global gene expression patterns were examined in paws using RT-qPCR panels specific for 88 genes implicated in RA. A set of 48 genes was upregulated at the early stage of disease relative to wild-type controls, of which 22 remained elevated at the late stage along with nine additional induced genes (Figures 5A,C,E). Upregulated genes included inflammatory cytokines and chemokines (IL-1β, IL-6, IL-1, IL-4, CCL5, CXCL10, CXCL12), matrix degrading enzymes and inhibitors (MMP2, MMP9, TIMP1, TIMP2), cell surface receptors (ICAM1, VCAM1, CD14, CCR5, CXCR4, KDR), intracellular signaling proteins (AKT3, SOCS3, PRKCB, S100A4) and transcription factors (JUN, HIF1-alpha, STAT1, PPAR-alpha, CREB1). Endogenous mouse TNF-α was elevated by 3.5-fold (Figure 5C), consistent with autoregulation of this cytokine in response to chronic hTNF-α signaling. Validating RT-qPCR results presented earlier, NR4A2 (+4.4-fold) and NF-κB transcripts (NFKB1 +11.8-fold, RELA +2.9-fold) were also upregulated in hTNF-α paws (Figures 5A,C). Notably, four genes were repressed at the early stage (BCL2, MUC1, PTGS2, SLC16A3) and two were repressed at the late stage (UBC, IL-4) (Figures 5B,D). Differential expression was not observed for the remaining genes detected on the panels (early = 28, late = 51, Supplementary Table S1).
[image: Figure 5]FIGURE 5 | Global gene expression profiles in hTNF-α joints. RT-qPCR panels were used to measure the expression of 88 genes associated with RA in wild-type and hTNF-α paws at early and late stages of disease. (A) Genes induced by greater than 2-fold at early stage. (B) Genes repressed by greater than 0.5-fold at early stage. (C) Genes induced by greater than 2-fold at late stage. (D) Genes repressed by greater than 0.5-fold at late stage. (E) Comparison of induced genes at early and late stages.
Next, the promoters of all genes detected in the panel experiment were scanned for putative binding sites for NF-κB1 (GGGGATTCCCC) and NR4A receptors (AAGGTCAC) using matrix derived JASPAR CORE models of consensus vertebrate binding sites (Lee and Huang, 2013). Consensus binding sites for these factors were enriched in the promoters of differentially expressed genes relative to the stably expressed groups (Table 1). Over half of the early induced promoters contained at least one NR4A or NF-κB1 binding site and 38% of the promoters contained sites for both factors. Furthermore, NR4A consensus binding sites were predicted in 8 of the 10 most highly induced promoters (CCL5, ICAM1, CD14, TNFRSF1B, NFκB1, H2-AB1, TNFAIP3, TNFRSF1A) (Supplementary Table S2). These trends were evident in differentially expressed genes from early and late stages of disease, suggesting that NF-κB and NR4A receptors regulate transcriptional pathways central to this model.
TABLE 1 | Consensus binding sites in promoters of differentially and stably expressed genes.
[image: Table 1]DISCUSSION
This study provides the first comprehensive analysis of the NR4A receptors and NF-κB in a transgenic mouse model of RA driven by the human TNF-α cytokine. Since TNF-α is a potent inducer of NF-κB and NR4A receptors in human joint cells, we hypothesized that these transcription factors would also be expressed in arthritic joints in vivo. NF-κB1 and NR4A2 mRNA transcripts were upregulated in whole paws from hTNF-α mice, while NR4A1 and NR4A3 were not differentially expressed (Figure 2). Consistent with transcriptional induction of NR4A2 by NF-κB in human joint cells (McEvoy et al., 2002; Ralph et al., 2005; Mix et al., 2007), we documented an increase in NF-κB1 mRNA prior to NR4A2 upregulation at the late disease stage. Furthermore, we detected potent increases in RelA and NR4A2 proteins in inflamed synovium by immunohistochemistry (Figures 3, 4), suggesting that gene expression patterns in whole paws are largely driven by changes in the synovium. In contrast, NR4A2 was constitutively expressed in the resting zone of cartilage but decreased at the late stage of disease. Since NR4A2 is a constitutively active transcription factor tightly regulated at the level of expression, the detection of NR4A2 protein in articular surfaces and synovium suggests this receptor is transcriptionally active in resident chondrocytes and synoviocytes.
Our results in the hTNF-α model are consistent with tissue-specific activities for the NR4A receptors in joints. In human synovial fibroblasts, NR4A2 exacerbates inflammation and tissue degradation by upregulating IL-8, MMP-13, prolactin, CRH, and CRH-receptor1 (Murphy et al., 2001; Davies et al., 2005; Ralph et al., 2007; Aherne et al., 2009; Mix et al., 2012; McCoy et al., 2015). In human chondrocytes, NR4A2 antagonizes MMP-1, 3, and 9 gene expression and contributes to chondroprotection (Mix et al., 2007). However, depletion of NR4A1-3 in human chondrocytes antagonizes histamine-dependent regulation of RANKL expression, providing evidence for differential modulation of genes involved in cartilage degradation (Marzaioli et al., 2012). In addition, studies in rat chondrocytes support a protective function for NR4A1 through suppression of COX-2, iNOS, and MMP expression (Xiong et al., 2020), while other studies suggest that NR4A3 has opposing effects (Ma et al., 2020).
By screening a broader panel of genes implicated in RA, we generated evidence of increased expression of various inflammatory cytokines and chemokines, matrix degrading enzymes and inhibitors, cell surface receptors, intracellular signaling proteins and transcription factors that support the hTNF-α mouse as a model of RA (Figure 5). Of these, IL-1β and CCL5 were the most potently induced genes, consistent with the known activation of these promoters in response to increased TNF-α signaling (Turner et al., 1989; Lee et al., 2000). Additionally, NR4A2, NF-κB1, and RelA were also upregulated concurrent with increases in endogenous murine TNF-α. This screen focused on a select group of genes involved in RA and as such our results do not reflect the full spectrum of aberrant gene expression changes that may be occurring within hTNF-α joints.
Promoter analysis of differentially expressed genes supports central roles for NF-κB and NR4A transcription factors in the hTNF-α model. Consensus binding sites for NF-κB1 were predicted in the promoters of 58% of the induced genes in contrast to only 36% of the stable genes (Table 1). Several of these differentially expressed genes have been previously recognized as transcriptional targets of NF-κB. NR4A monomeric binding sites known as Nurr binding response elements (NBRE: AAACCGTA) were also enriched in the promoters of differentially expressed genes. Among the genes containing these promoter elements (Supplementary Table S2), NR4A receptors have been reported to regulate BCL-2, IL-6, CXCL-12, CXCR-4, and MMP-9 in various cellular contexts (Johnson et al., 2011, Bonta et al., 2006, Mix et al., 2007, Duren et al., 2016). NR4A receptors can also modulate gene expression through heterodimeric binding with retinoid X receptors (RXR) and interactions with NF-κB and erythroblast transformation specific (ETS) transcription factors (Mix et al., 2007; Aherne et al., 2009; Saijo et al., 2009; Duren et al., 2016; McEvoy et al., 2017).
Our findings are supported by recent gene expression studies highlighting the importance of NF-κB and NR4A receptors in the pathophysiology of arthritis. Integrative transcriptome analysis of a distinct hTNF-α transgenic model with rapid onset of symptomatic arthropathy (Tg197, Keffer et al., 1991) ranked NF-κB as the most important transcription factor in this model (Karagianni et al., 2019). Interestingly, the NR4A receptors exhibited disparate expression patterns in limbs from the Tg197 model; NR4A1 and 3 were downregulated and NR4A2 was not significantly altered. The hTNF-α model used here expresses significantly lower levels of hTNF-α and exhibits a gradual onset of symptoms that more closely models chronic RA (Hayward et al., 2007). Another study of synovial gene expression profiles in OA identified NR4A2 as one of the top 10 transcription factors linked to differentially expressed genes from multiple microarray datasets (Fei et al., 2016). However, NR4A2 was categorized as a downregulated gene in these OA synovial datasets, in contrast to its upregulation in OA cartilage (Mix et al., 2007), RA synovium (Murphy et al., 2001; McEvoy et al., 2002; Ralph et al., 2005; Aherne et al., 2009; Ralph et al., 2010), and hTNF-α joints in this study.
NR4A expression and pharmacological targeting have been investigated in other mouse models of arthritis, providing broader insight into the therapeutic potential of these receptors. In the K/BxN serum-induced model of RA (Christianson et al., 2012), NR4A1-3 mRNA levels were elevated in inflamed ankles and NR4A2 expression was potently suppressed by dexamethasone and intra-articular injections of salmon calcitonin and hyaluronic acid (Ryan et al., 2013). In CD4+ T-cells isolated from DBA/1 mice with collagen-induced arthritis (CIA), NR4A1-3 mRNA levels were reduced relative to naïve controls and the NR4A agonist cytosporone B improved clinical scores in vivo (Saini et al., 2019). NR4A2 protein was detected in inflamed synovium and cartilage of ankle joints from the TNF-delta-ARE model of chronic inflammation (Kontonyiannis et al., 1999; Smyth et al., 2019) and also in joints from the antigen-induced arthritis model in a pilot study (Everett et al., 2015). Further investigation of the NR4A receptors in animal models of arthritis will provide greater insight into the mechanisms linking these transcription factors to inflammation and cartilage degradation in vivo.
Recent advances in synthetic NR4A ligands and endogenous receptor modulators have provided new strategies for targeting the NR4A receptors in vitro and in vivo. The ligand-binding domain of NR4A2 was once thought to be incompatible with the binding of endogenous ligands (Wang et al., 2003), however structural studies have revealed that unsaturated fatty acids can bind to the canonical NR4A ligand-binding pocket and transactivate the NR4A2 receptor (de Vera et al., 2016; de Vera et al., 2019). Probing interactions between unsaturated fatty acids and NR4A receptors may lead to the development of new synthetic agents for selective receptor targeting. The purine anti-metabolite 6-mercaptopurine activates the NR4A receptors in vitro, suggesting some of the therapeutic actions of this widely used chemotherapeutic agent may also be mediated through the NR4A receptors (Ordentlich et al., 2003; Wansa et al., 2003; Wansa and Muscat, 2005). Furthermore, multiple structurally-diverse agents have been identified that can regulate NR4A expression and transcriptional activity as selective agonists or antagonists (Safe et al., 2016; Munoz-Tello et al., 2020). Most relevant to the current study, the synthetic NR4A2 agonist 1,1-bis(3′-indolyl)-1-(p-chlorophenyl) methane (C-DIM12) blocked TNF-α induction of adhesion molecules and NF-κB regulated genes in primary murine synovial fibroblasts (Afzali et al., 2018), suggesting that this agent may be a candidate for in vivo testing in arthritis models.
Our study has limitations but presents opportunities for in-depth studies of the impact of NR4A receptors on structural and symptomatic arthritis in vivo. This study was restricted to male hTNF-α mice since they exhibit earlier symptoms and a higher degree of arthritis severity (Hayward et al., 2007). Female mice should be included in future studies to address mechanisms of sexual dimorphism in the model. Microdissection of joint tissues would provide greater insight into the distribution of transcription factors and their potential target genes within hTNF-α joints. Furthermore, determining the cell-type-specific expression patterns of the NR4A receptors within the hTNF-α synovium would refine pharmacotherapeutic targeting strategies.
In conclusion our results provide the first spatiotemporal map of NR4A2 distribution in an animal model of arthritis and validate the hTNF-α model for future testing of synthetic ligands and genetic strategies targeting this transcription factor in vivo.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which causes coronavirus disease (COVID-19) is one of the most serious global health crises in recent history. COVID-19 patient symptoms range from life-threatening to mild and asymptomatic, which presents unique problems in identifying, quarantining, and treating the affected individuals. The emergence of unusual symptoms among survivors, now referred to as “Long COVID”, is concerning, especially since much about the condition and the treatment of it is still relatively unknown. Evidence so far also suggests that some of these symptoms can be attributed to vascular inflammation. Although famotidine, the commonly used histamine H2 receptor (H2R) blocker, was shown to have no antiviral activity, recent reports indicate that it could prevent adverse outcomes in COVID-19 patients. Histamine is a classic proinflammatory mediator, the levels of which increase along with other cytokines during COVID-19 infection. Histamine activates H2R signaling, while famotidine specifically blocks H2R activation. Investigating the effects of recombinant SARS-CoV-2 spike protein S1 Receptor-Binding Domain (Spike) on ACE2 expression in cultured human coronary artery endothelial cells, we found that the presence of histamine potentiated spike-mediated ACE2 internalization into endothelial cells. This effect was blocked by famotidine, protein kinase A inhibition, or by H2 receptor protein knockdown. Together, these results indicate that histamine and histamine receptor signaling is likely essential for spike protein to induce ACE2 internalization in endothelial cells and cause endothelial dysfunction and that this effect can be blocked by the H2R blocker, famotidine.
Keywords: SARS-CoV-2, histamine, famotidine, spike, angiotensin-converting enzyme-2
INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, which causes coronavirus disease (COVID-19), has swept across the globe over the last 2 years, inflicting enormous damage on both personal health and societal well-being (Ackermann et al., 2020; Wiersinga et al., 2020; Hu et al., 2021; Nalbandian et al., 2021). While most patients are either asymptomatic or show mild-to-moderate symptoms, around 15% of affected individuals might require hospitalization and ∼ 5% might need intensive care (Nalbandian et al., 2021). While several studies that have been carried out so far have broadened our understanding of the acute phase of the disease, it has become clear that many individuals who had been infected but recovered have developed mysterious and wide-ranging health issues. These varied symptoms are now collectively referred to as “Long COVID” and include several symptoms that suggest vascular inflammation and dysfunction (Ackermann et al., 2020; Marshall, 2020; Maxwell et al., 2021; Varga et al., 2020; Vassiliou et al., 2020).
The “cytokine storm” that occurs in acute-COVID-19 infection is associated with a massive surge in the circulating levels of several proinflammatory cytokines, but the relevance of histamine, a classic proinflammatory mediator, has been controversial (Ghosh et al., 2020; Loffredo et al., 2021; Ennis and Tiligada, 2021; Malone et al., 2021). Mast cells infected with SARS-CoV-2 release histamine (Conti et al., 2020), while famotidine, a histamine receptor-2 (H2R) blocker, itself does not inhibit virus replication (Conti et al., 2020), and it has been suggested that it might have potentially beneficial effects over the course of the disease (Malone et al., 2021).
ACE2 is a type I membrane-localized glycoprotein that is highly expressed in several cell types and is the primary receptor used by SARS-CoV-2 for cellular entry (Walls et al., 2020). While present in abundance in the heart, conflicting reports have emerged on its expression in vascular cells, specifically endothelial cells, and if the virus can directly infect endothelial cells. Previous evidence had revealed that the virus did not readily infect endothelial cells in vitro requiring ACE2 overexpression (Nascimento Conde et al., 2020), while another study reported that there were differences in viral entry into the endothelial cells from different human arteries (Wagner et al., 2021).
The SARS-CoV-Spike (S, spike) protein, which binds ACE2, is a structural protein comprising S1 and S2 subunits with the “Receptor Binding Domain” in the S1 subunit (Zhang H. et al., 2020; Huang et al., 2020). We had also shown previously that the recombinant spike protein added alone to normal cultured endothelial cells required ∼ 12 h for observable downregulation of endothelial barrier function (Raghavan et al., 2021). Based on the available data so far, we hypothesized that histamine signaling through the endothelial H2 receptors could accelerate spike-induced ACE2-internalization in the endothelial cells to then trigger endothelial dysfunction. Our results here show that in healthy, untreated, and primary human coronary artery endothelial cells, the addition of the recombinant spike protein did not induce ACE2 internalization immediately but took around 6–12 h for internalization and degradation. The addition of histamine to endothelial cells accelerated spike-ACE2 internalization with observable intracellular ACE2 protein within 30 min of treatment. Blocking the H2R signaling pathway with either famotidine, the protein kinase A inhibitor, PKI, or knockdown of histamine receptor (H2R) inhibited spike-induced ACE2 internalization. Thus, these results suggest that histamine might be an important cofactor for internalization of the ACE2 and likely plays a significant role in accelerating spike protein entry into endothelial cells.
MATERIALS AND METHODS
Cell culture
The human primary coronary artery endothelial cells were purchased from Cell Biologics Inc. The cells were cultured in the endothelial cell medium containing (0.5 ml VEGF, Heparin, EGF, FGF, Hydrocortisone, L-Glutamine, and Antibiotic–Antimycotic Solution) supplemented with 2% fetal bovine serum.
Reagents
The SARS-CoV-2 (COVID-19) S1 Recombinant Protein (cat. no. 97-092) was purchased from ProSci Inc. (Poway, CA) and used at a final concentration of 10 μg/ml. The endothelial cells were treated with spike protein at the final concentration for the required time before surface biotinylation experiments were carried out. The ACE2 antibody was purchased from Abnova (Taipei, Taiwan, cat. no. PAB13443). Histamine, famotidine, and PKI were purchased from Sigma-Aldrich (St. Louis, MO, United States). siRNA to H2 receptor and scrambled siRNA were purchased from Thermo Fisher Scientific Inc.
Surface Biotinylation of Intact Endothelial Cells
Surface biotinylation was performed as we have done previously for intact arteries with slight modifications (Leo et al., 2017; Leo et al., 2018; Hasan et al., 2019; Leo et al., 2021). Briefly, live endothelial cell cultures were treated with appropriate reagents for specified times. After the treatment period, the reagents were washed with warm phosphate-buffered saline (PBS), and the cell culture plates were immediately placed on ice to inhibit all protein trafficking. The cell-impermeable biotinylation reagents dissolved in PBS are then added to the cultures and allowed to incubate at 4°C with gentle shaking for 30 min. The biotinylation reagents are removed with a PBS wash, and the reaction is quenched with 100 mM glycine. Protein lysates are prepared from each culture, and protein content is estimated. An equal quantity of protein from each group is passed through an avidin bead column to separate the biotinylated surface protein, which is eluted from the beads and prepared as the “surface fraction.” The unbound protein was collected as the intracellular fraction. Each sample was then run as contiguous lanes on an SDS-gel as surface (denoted as ‘S’) and intracellular (denoted as ‘I’) fractions. The analysis was carried out by semi-quantitative comparison between the surface band intensities compared to the untreated or scrambled siRNA controls and was expressed as the ACE2 surface protein, % untreated control.
Western Blotting
Western blotting for protein was carried out following the standard protocols. After separation of surface and intracellular fractions, the proteins were separated on 7.5% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat milk and incubated with the ACE2 antibody overnight at 4°C. The membranes were washed and incubated with the horseradish peroxidase–conjugated secondary antibodies at room temperature. The blots were physically cut to allow for probing of two different proteins without the need for stripping. The protein bands were imaged using a ChemiDoc gel imaging system and quantified using Quantity One software (Biorad).
Statistics
Statistical analysis was performed using OriginLab and GraphPad InStat software. The data are shown as the mean ± SE and expressed as % change compared to the untreated surface ACE2 band intensities. Student’s t-test and Mann–Whitney U test were implemented, where appropriate p < 0.05 was considered statistically significant.
RESULTS
Recombinant Spike Protein Does Not Readily Induce Endothelial Cell ACE2 Internalization
To determine if the spike can induce endothelial cell ACE2 internalization, we performed surface biotinylation of live endothelial cells. Recombinant spike (10 μg/ml) was added to a confluent plate of endothelial cells and allowed to incubate for 30 min. After this time, warm PBS was used to replace the media, and then the biotinylation reagents dissolved in PBS were added to the cells, and surface biotinylation was performed for 30 min at room temperature. First, the results showed that ACE2 is predominantly a plasma membrane (surface)–localized protein in healthy endothelial cells with >85% of the protein located on the surface (Figures 1A,B) Second, the addition of the spike protein alone to normal, healthy endothelial cells did not induce any ACE2 internalization at 30 min (Figures 1A,B). Previously, we had shown that the spike protein induced endothelial junctional protein degradation after 12-h treatment of mouse endothelial cells (Raghavan et al., 2021). Hence, we next tested if longer incubation times would induce ACE2 internalization and degradation. The results showed that spike treatment for 6 h reduced the ACE2 total and surface expression by ∼ 70% compared to that of the untreated controls and by ∼ 85% after 12 h of spike treatment (Figures 1C,D). In separate experiments, the endothelial cells were first pretreated for 30 min with bafilomycin A1, a lysosomal H+-ATPase inhibitor, and then treated with the spike protein for 6 h in the presence of the inhibitor. The results show that bafilomycin A1 rescued ACE2 protein from spike-induced degradation which was then retrafficked to the cell surface (Figures 1E,F). This suggests that internalized ACE2 undergoes degradation via the lysosomal pathway. Taken together, these results indicate that in the healthy endothelial cells, the presence of the spike protein alone does not induce immediate internalization of the ACE2 receptor. Prolonged exposure to spike protein induces ACE2 internalization. The results also show that the internalized ACE2 is degraded and is not stored intracellularly.
[image: Figure 1]FIGURE 1 | Spike-induced ACE2 internalization is enhanced in the presence of histamine. (A) Representative Western blotting after surface biotinylation of intact endothelial cells with or without spike treatment for 30 min. (B) Mean data. (C) Representative Western blot after surface biotinylation showing that increased incubation time after spike treatment induced ACE2 internalization and degradation. (D) Mean data. *p < 0.05 vs. surface band intensity of the untreated control. (E) Representative Western blot after surface biotinylation showing the effect of bafilomycin A1 on spike-induced ACE2 degradation. (F) Mean data, *p < 0.05 vs. untreated, #p < 0.05 vs. spike treated. (G) Representative Western blot after surface biotinylation showing that histamine potentiates spike-induced ACE2 internalization within 30 min of treatment. (H) Mean data, *p < 0.05 vs. surface band intensity of untreated control. n = 4 for all the experimental sets. I- indicates intracellular fraction, S-denotes surface or plasma membrane fraction.
Histamine Accelerates Spike Protein–Induced ACE2 Internalization
Since histamine levels are likely to increase during COVID-19 infection, we next tested if the presence of histamine modified the interaction of spike with ACE2. The control endothelial cells were treated with 1 µM histamine along with the spike protein for 30 min after which the reagents were washed off with warm PBS and surface biotinylation was performed at 4°C. Western blotting showed that in the presence of histamine, almost all the surface ACE2 now appeared in the intracellular fraction (Figures 1G,H). Given the very brief incubation time with the spike, this result indicates that 1. histamine significantly potentiates the ability of the spike to internalize ACE2 and 2. ACE2 is first internalized into the cell before undergoing degradation, and it is likely that a longer incubation period or sustained spike presence is required for ACE2 to undergo degradation. Overall, this suggests that histamine plays an important role in mediating spike–ACE2 interaction on the cell surface.
Histamine Acts Through Endothelial H2 Receptors to Accelerate Spike–ACE2 Internalization
Next, we wanted to investigate which endothelial signaling pathways were activated in the presence of histamine. We hypothesized that histamine likely acted through the endothelial H2 receptors to increase spike–ACE2 internalization. Accordingly, we pretreated the endothelial cells with famotidine (10 µM), the specific H2R blocker, for 30 min before the addition of spike and histamine. This combination was kept for an additional 30 min after which they were washed from the cell culture dishes with warm PBS and surface biotinylation was performed at 4°C. The results showed that in the presence of famotidine, much of the ACE2 protein was still present at the cell surface after treatment with spike and histamine (Figures 2A,B). These data suggest that famotidine, likely by the inhibition of H2R and its downstream signaling, prevented histamine from accelerating the internalization of ACE2.
[image: Figure 2]FIGURE 2 | Histamine H2 receptor signaling is involved in histamine potentiating spike–ACE2 internalization. (A) Representative Western blot after surface biotinylation of the intact endothelial cells showing the effect of famotidine on the potentiating effect of histamine on spike-ACE2 internalization. (B) Mean data. (C) Representative Western blot after surface biotinylation showing the effect of the protein kinase A inhibitor, PKI, in preventing histamine-induced spike–ACE2 internalization. (D) Mean data. *p < 0.05 vs. the untreated control, #p < 0.05 vs. spike + histamine. (E) Representative Western blot after surface biotinylation showing the effect of H2 receptor protein knockdown on spike + histamine treatment. Scrm-scrambled siRNA. (F) Mean data. *p < 0.05 vs. untreated control, #p < 0.05 vs. spike + histamine scrambled control. n = 4 for all the experimental sets. I- indicates intracellular fraction, S-denotes surface or plasma membrane fraction.
To further investigate the involvement of H2R, we tried two different approaches. First, we pretreated the endothelial cells with PKI (10 µM), a protein kinase A (PKA) inhibitor. Histamine stimulates H2R to activate downstream PKA signaling, so the blockade of PKA signaling should negate H2R activation. The results showed that pretreatment of endothelial cells with PKI before the addition of spike + histamine completely prevented spike–ACE2 internalization (Figures 2C,D), suggesting that downstream PKA signaling after H2R activation was essential to this process. Second, we transfected the control cells with siRNA to H2R to knockdown the H2R protein. The results indicated that in cells where H2R was knocked down, the spike + histamine combination did not affect ACE2 surface expression compared to the scrambled siRNA controls (Figures 2E,F).
Together, these data indicate that extracellular histamine via the activation of H2R signaling potentiates spike-induced ACE2 internalization and that the inhibition of H2R by famotidine prevents acute internalization of the cell surface–localized ACE2 protein.
DISCUSSION
Here, we investigated the hypothesis that SARS-CoV-2 spike protein-induced ACE2 internalization is accelerated in the presence of histamine and that famotidine, a commonly used histamine receptor blocker, can block endothelial cell–spike protein entry through the ACE2 receptor. Using surface biotinylation to track the cellular localization of ACE2 in the endothelial cells after recombinant spike protein treatment, our data here showed that in the normal human coronary artery endothelial cells, the spike protein alone had a delayed response in internalizing ACE2. The total and surface ACE2 were reduced by ∼ 85% only after 12 h of incubation with spike. In contrast, in the presence of histamine, the spike induced ACE2 internalization within 30°min. This effect was blocked when the endothelial cells were pretreated with famotidine, the PKA inhibitor, PKI, or when the H2 receptor was knocked down using siRNA. These results showed that the presence of histamine, acting through the endothelial H2 receptors, potentiated endothelial ACE2 internalization.
Evidence of vascular damage in COVID-19 patients began to emerge even early during the pandemic (Gavriilaki et al., 2020; Siddiqi et al., 2021), but there are contrasting reports on the virus infection of vascular cells, specifically endothelial cells. In opposition to the hypothesis that the virus directly infects endothelial cells, Nascimento Conde et al. (2020) have shown that recombinant ACE2 was required for the virus to infect the endothelial cells (Nascimento Conde et al., 2020), while other authors have argued that the expression of ACE2 in the endothelial cells might be too low to support viral entry (McCracken et al., 2021). In contrast, several other groups have found that human endothelial cells do express ACE2 and that the virus likely uses several additional protein pathways to enter the endothelial cells (Hamming et al., 2004; Zhang J. et al., 2020; Zhao et al., 2020; Albini et al., 2021; Wagner et al., 2021; Zhang et al., 2021; Amraei et al., 2022). In an earlier study, we too have shown that the recombinant spike protein incubated with mouse cerebral endothelial cells for 12 h not only induced ACE2 degradation but also decreased endothelial junctional protein expression, thereby affecting endothelial barrier functionality (Raghavan et al., 2021). Here, we also show that inhibition of the lysosomal degradative pathway rescued the internalized ACE2 from degradation. These results were corroborated in mouse models, where intravenous injections of the spike protein resulted in the protein appearing in several regions of the brain, likely after blood–brain barrier disruption and was found to cause cerebral endothelial microvascular damage and that the lysosomal pathway was involved in the virus uncoating within the cell [(Ballout et al., 2020), (Blaess et al., 2020), (Davenport et al., 2021), (Nuovo et al., 2021), (Rhea et al., 2021), (Shang et al., 2020)]. These contrasting reports not only highlight the complexity of COVID-19 but also suggest that ACE2 expression in the vasculature could be highly variable, thus requiring further investigation.
Famotidine (Pepcid®) is a histamine H2 receptor–selective blocker, approved by the FDA for treatment of gastroesophageal reflux disease (GERD) and gastric ulcer. Early in the pandemic, evidence emerged that the hospitalized COVID-19 patients treated with famotidine had a reduced risk of severe outcome and/or mortality (Freedberg et al., 2020; Mather et al., 2020; Sethia et al., 2020). Several groups have hypothesized that this effect of famotidine was likely due to the direct inhibition of the histamine H2 receptor (H2R) rather than antiviral activity (Ghosh et al., 2020; Loffredo et al., 2021; Ennis and Tiligada, 2021). Indeed, famotidine was later shown to have no SARS-CoV-2 antiviral activity (Malone et al., 2021), while conflicting reports on its effectiveness in acute COVID-19 cases and the availability of better COVID-19 treatments saw the drug gradually fall out of favor for this purpose. However, the uptick in abnormal health issues in some COVID-19 survivors, which is now broadly described under the term “Long COVID” and the possibility that some of these symptoms might be associated with the long-term virus-induced inflammatory damage to the vasculature, has re-ignited interest in this drug (Eldanasory et al., 2020; Malone et al., 2021; Mura et al., 2021). A recent outcome study of more than 250,000 COVID-19 infected patients found that the histamine receptor blockade significantly improved the outcomes in patients who needed respiratory support and has suggested that this might be due to the ability of famotidine to block the proinflammatory signals arising from H2R activation (Mura et al., 2021).
Our brief investigation here has shown that the presence of histamine accelerates the spike protein–induced ACE2 internalization in the endothelial cells. In the absence of histamine, the spike protein alone required between 6 and 12 h for the ACE2 to be internalized and degraded. However, in the presence of histamine, the ACE2 was internalized within 30 min. In addition, this effect was largely blocked by either the knockdown of H2R, inhibition of PKA, the effector of the H2R signaling pathway, and most importantly, by famotidine, or the well-known H2R blocker. These results suggest that histamine and the histamine receptor signaling pathway might play a crucial role in virus entry into the endothelial cells. SARS-CoV-2 elicits an inflammatory reaction in the infected patients, leading to the production of several proinflammatory substances including histamine (Nalbandian et al., 2021). Several of these mediators such as TNF-α and several interleukins can further stimulate inflammatory cells such as mast cells to increase the synthesis and secretion of histamine (Crook et al., 2021; Nalbandian et al., 2021; Raveendran et al., 2021). Similar to what was observed with histamine here, the circulating vimentin has also been shown to facilitate SARS-CoV-2 endothelial cell entry (Amraei et al., 2022). Ours and other such studies suggest that the circulating or local levels of endogenous substances could potentiate the entry of the virus into the endothelial cells. We acknowledge the obvious limitation of this study, which is the concentration of histamine used to treat the cells (1 µM). While it is not likely that this concentration would be achieved in circulation in humans, the possibility remains that the local elevations in histamine levels, for example, in the lung, brain, or the heart could alter the viral entry into the cells in the immediate vicinity. We also utilized the recombinant spike protein of the original SARS-CoV-2 variant. Hence, it will be interesting to study the effects of the highly transmissible variants that appeared later and if the spike proteins from these variants could circumvent the requirement of the circulating cofactors such as vimentin or histamine.
CONCLUSION
COVID-19 is a complex disease and while vaccinations and better treatments options have effectively limited the morbidity and mortality, much remains to be learned about ‘Long COVID’ and its treatment. While famotidine does not have SARS-CoV-2 antiviral activity, the data presented here suggest that famotidine could be considered a second-line treatment to limit virus-induced vascular inflammation.
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As we all know, dexmedetomidine (DEX), as a highly selective α2 adrenergic receptor agonist, exerts sedative, anti-anxiety and hypnotic effects by inhibiting the discharge of norepinephrine neurons in locus coeruleus and GABA-related hypnotic pathways. However, the role of DEX in anti-inflammatory and immune regulation has gradually attracted the attention of researchers in recent years. The α2 adrenergic receptor is one of the members of the adrenergic receptor family, which is widely present in a variety of immune cells and mediates the biological behavior of the inflammatory immune system. At present, there have been more and more studies on the effects of DEX on immune cells and inflammatory responses, but few studies have systematically explored the anti-inflammatory and immunomodulatory effects of DEX. Here, we comprehensively review the published human and animal studies related to DEX, summarize the effects of DEX on immune cells and its role in related diseases, and propose potential research direction.
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1 INTRODUCTION
The adrenergic system is closely linked to the immune system (Keating, 2015). Both innate immune cells and adaptive immune cells express adrenergic receptors and can directly respond to the sympathetic nervous system (Lorton and Bellinger Denise, 2015; Scanzano and Marco, 2015). Primary and secondary lymphoid tissues are regulated by postganglionic sympathetic nerve fibers, mainly secreting norepinephrine as its main neurotransmitter (Sharma and Farrar, 2020). In general, the role of the adrenergic system in immunity is gradually receiving attention and has now become a research hotspot.
Dexmedetomidine (DEX) is a highly selective α2 adrenergic receptor (AR) agonist, which has a high affinity for the AR family members α2A and α2C (Berkowitz et al., 1994; Huang et al., 2021). It can regulate the release of norepinephrine by activating the α2 receptor located on the presynaptic membrane, which is the basis of its immunomodulatory function. Meanwhile, studies have shown that DEX can regulate cellular immunity, suppress the inflammatory response in the tissues and enhance the immune function of patients (Li et al., 2016; Ferreira and Bissell Brittany, 2018). However, the effects of DEX on immune cells and inflammatory cytokines have not been systematically summarized.
The main purpose of our review is to comprehensively provide the latest evidence on the immune regulation and anti-inflammatory effects of DEX in various immune cells and immune-related diseases. And the future value of DEX in the treatment of some common but troublesome diseases is worth looking forward to.
2 DEX'S REGULATORY EFFECT ON IMMUNE CELLS AND INFLAMMATION
2.1 General Effects
DEX can not only modulate the ability of antigen-presenting cells to uptake and process antigens, and the recruitment, chemotaxis and local aggregation of immune cells in innate immunity, but also regulate the CD4+/CD8+ ratio and balance the quantity of Th1, Th2, Th17 and Regulatory T cells (Tregs) in the adaptive immunity. As well, DEX can reduce the secretion of pro-inflammatory cytokines (IL-1β, IL-6, IL-8, IL-12/23 (p40), IL-17A, IL-18, IFN-γ, TNF-α, Eotaxin, HMGB1, MIP-2, MCP-1) and increase the level of anti-inflammatory factors (IL-2, IL-4, IL-10 and TGF-β1). Therefore, it plays a vital role in immunity and inflammation.
In more details, here below we summarize the main effects of DEX on different immune cell populations, as shown in Table1.
TABLE 1 | Summary table on effects of DEX on immune cells and inflammatory cytokines.
[image: Table 1]2.2 Innate Immune Response
The innate immune response refers to the use of differentiated leukocytes to identify and eliminate foreign substances in organs, tissues, blood and lymph. And, the innate immune response-related cells mainly include dendritic cells (DCs), natural killer cells (NKs), eosinophils, mast cells and phagocytic cells (neutrophils and monocytes/macrophages).
2.2.1 Dendritic Cells (DCs)
DCs are one of the antigen presenting cells in the body. They can efficiently capture, process and present antigens, and induce the generation of specific cytotoxic T lymphocytes (CTLs).
DCs express α1, α2 and β-AR on the cell membrane. As an α2-AR agonist, DEX can inhibit immune responses by inhibiting antigen processing/presentation and migration of DCs (Ueshima et al., 2013). For another, DEX could inhibit the maturation and function of DCs by interfering with the synthesis and secretion of IL-12 and IL-23, thereby negatively regulating human immune function (Chen G. et al., 2016). In addition, DEX can inhibit the protein hydrolysis and migration of phagosomes in DCs, reduce the expression and migration of class II MHC molecule I-Ab and costimulatory molecule CD86 and inhibit the proliferation of cytotoxic T lymphocytes and the secretion of IFN-γ, thereby exerting an immunosuppressive effect (Ueshima et al., 2013; Chen S. L. et al., 2016). However, the interesting phenomena have been found in an animal experiments, in which DEX at different concentrations may have the opposite effect on the secretion of inflammatory mediators by DCs. At high concentrations (10, 1, and 0.1 μm) of DEX, the expression of mRNA and the contents of TNF-α, IL-1β, IL-6, and IL-10 in DCs stimulated by LPS increased, while DEX at lower concentrations (0.001 μm), the content of these molecules decreased, and the mechanism was related to the activation of NF-κB and JNK-MAPK signaling pathways (Guo et al., 2018). The experiment shows that DEX has a dual regulatory effect on DCs, in which inflammatory factors are increased at high concentrations and decreased at low concentrations. Studies have found that DEX can preserve the number of DCs in patients undergoing oral cancer surgery and enhance the immune function of patients (Huang et al., 2021).
In general, DEX acts on DCs through α2-AR and exerts immune regulation. Guo et al. (2018) have suggested that DEX may play different roles in different pathological conditions, because other kinds of AR and downstream signals also participate in the reaction. Moreover, the current results of clinical trials are too few, and the actual effects of DEX on DCs need to be further confirmed.
2.2.2 Natural Killer Cells (NKs)
NKs are the important immune cells in the body, participating in non-specific cell-mediated anti-tumor immune regulation. They can kill MHC class I cells without being activated, and when the number of NKs decreases, it means the body’s immune function is suppressed (Pilla et al., 2005).
Whether α2 -AR are expressed on the cell membrane of NKs is unclear. At present, animal studies have found that DEX can maintain the activity of NKs after surgery or general anesthesia (Taniguchi et al., 2004), which decreased after operation or anesthesia originally. In clinical trials, cancer patients who used DEX in the perioperative period showed significantly higher concentrations of NKs from 6 to 24 h after surgery (Barbera-Guillem et al., 2000; Wolf et al., 2003; Zhao et al., 2013; Yang et al., 2017). It has also been found that the decrease in the number of NK cells after DEX treatment in children with brain tumors during the perioperative period was significantly less than that in the control group (Wu Lei et al., 2015).
In fact, it is believed that IL-2, IL-12, IL-18, IFN-α, TNF-α and leucomodulin (LR) have a positive regulatory effect on the activation and differentiation of NK cells, which can significantly improve the killing activity of NK cells. Prostaglandins (PGE1, E2, D2) and adrenocortical hormone can inhibit the activity of NK cells (Alboni et al., 2010; Kallioinen et al., 2019).
In conclusion, DEX can increase the number of NKs and maintain their activity. However, most of the current studies focus on the effect of DEX on the number of NKs, and lack of studies on the effect of DEX on the differentiation and migration of NK cells. Whether DEX can affect the function of NK cells through the above-mentioned inflammatory immune molecules will be the direction of future research.
2.2.3 Eosinophils
Eosinophils have the function of killing bacteria and parasites, which are also considered as the crucial cells in the process of immune and allergic reactions.
It has not been verified that whether α2-AR are expressed on the cell membrane of eosinophils cells yet. But, Kallioinen et al. (2019) and Dahl. (1991) confirmed that eosinophil chemoattractant factor (eotaxin) decreased significantly in healthy subjects after administration of DEX. Eotaxin is a potent chemotactic agent for eosinophils, which mediates leukocyte recruitment in allergic diseases such as asthma (Cheng et al., 2002), and is also strongly up-regulated in septic mouse models (Kalbach et al., 2019). It means that DEX may be a good choice for anesthesia for patients with asthma and sepsis. However, some studies have found that a large proportion of children with severe asthma require an upgrade from noninvasive positive pressure ventilation to invasive mechanical ventilation when DEX is given as adjunctive therapy (Kalbach et al., 2019).
Generally speaking, there are few studies on the effect of DEX on eosinophils currently, and the clinical effect of DEX on asthma can be used as a future research direction.
2.2.4 Mast Cells
Mast cells are the first cells to be recruited to the site of the injury, then selectively produce pro-inflammatory mediators, thereby enlisting neutrophils, macrophages and other monocytes into the site to activate the inflammatory response (Kennelly et al., 2011; Younan et al., 2011; Theoharides et al., 2012).
It is not known that whether α2 -AR are expressed on the cell membrane of mast cells. However, early studies have shown that α2-AR agonist clonidine can regulate the function of mast cells through α2-AR (Lindgren et al., 1987; Anderson et al., 1987; Lavand’homme and Eisenach, 2003; Lavand’homme Patricia et al., 2002). Compared with clonidine, DEX has 8-fold higher affinity for α2-AR (Bhana et al., 2000). At present, numerous literatures have shown that DEX may be a strong stabilizer of mast cells, and may inhibit inflammation by preventing degranulation (Tüfek et al., 2013). In the animal models, the application of DEX could reduce oxidative stress (Tüfek et al., 2013). Specifically, it decreased the levels of matrix metalloproteinase-9 (MMP-9) and galectin-3, and increased the level of matrix metalloproteinase-2 (MMP-2) (Matsumoto, 2009). Besides, some studies have found that DEX stabilizes mast cells at the injured site (Tüfek et al., 2013).
There are few studies on the regulation of mast cell function and inhibition of inflammation by DEX, which may be the fields of future research.
2.2.5 Neutrophils
Neutrophils, also known as polymorphonuclear leukocytes (PMN), are the main cell type of the innate immune system, which mainly scavenge pathogens and lead to the acute inflammation (Cowburn et al., 2008). The clearance of pathogens by neutrophils involves a series of physiological processes, including chemotaxis, phagocytosis and killing microorganisms (Kantari et al., 2008; Raffaghello et al., 2008).
It has been identified that α2-AR are expressed on the cell membrane of neutrophils (Panosian and Marinetti, 1983). And it has been confirmed that a variety of anesthetics, including propofol, midazolam and ketamine, can inhibit the chemotaxis and phagocytosis of neutrophils and the production of superoxide anion, while DEX not (Stevenson et al., 1990; Mikawa et al., 1998; Nishina et al., 1998). This suggests that DEX may be more suitable for patients with infection, sepsis and systemic inflammation (Nishina et al., 1999).
Whether neutrophils can successfully eliminate pathogens depends on oxidative burst, the main process that kills microorganisms through the formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Cowburn et al., 2008). It was found that DEX could inhibit the oxidative burst stimulated by E. coli and the production of nitric oxide (NO) (Chen G. et al., 2016). And studies have found that DEX can inhibit endotoxin induced inflammatory response, reduce the concentration of IL-6, TNF-α and local aggregation of neutrophils, so as to play the role of anti-inflammation and immunosuppression. And the inhibition of DEX on the infiltration of neutrophils may be related to FOXO3a signaling pathway (Yuan et al., 2020).
To sum up, DEX can not only regulate the chemotaxis and phagocytosis of neutrophils, but also inhibit the local aggregation, oxidative burst and the production of reactive oxygen and reactive nitrogen of neutrophils, thereby playing an anti-inflammatory effect. However, the above results are all in vitro data, and the clinical situation cannot be simply inferred. Therefore, further studies are needed to elucidate the effect of DEX on function of neutrophils in vivo.
2.2.6 Monocytes/Macrophages
2.2.6.1 Monocytes
Monocytes are the precursors of macrophages and DCs, which are involved in immune responses. After phagocytosis of antigen by monocytes, antigenic determinants are transferred to lymphocytes to induce lymphocyte-specific immune responses. And the recruitment of circulating monocytes to inflammatory tissues is one of the important characteristics of acute and chronic inflammatory response.
It has been confirmed that α2-AR are expressed on the cell membrane of monocytes. And it has been reported that the percentage of monocyte-platelet aggregation (CD42a +/CD14 +) can reflect the level of inflammation and hemostasis, and the percentage of monocyte activated cytokines (HLA DR+/CD14+) can reflect the state of immunosuppression (Monneret et al., 2006). Clinical trials have found that when DEX acts on monocytes, it can inhibit the inflammatory response and enhance immunity by inhibiting the percentage of (CD42a+/CD14+), promoting the percentage of (HLA DR+/CD14+) and reducing the production of proinflammatory cytokines, such as IL-6 and TNF-a (Zhou et al., 2017).
In vitro cell experiments, DEX decreased Cx43 expression and PKC-α of the carboxyl terminal domain of Cx43 protein in monocytes at its clinically relevant concentrations (0.1 and 1 nm). With the downregulation of PKC-α, the NOX2/ROS signaling pathway was inhibited, resulting in the decreased expression of VLA-4 and LFA-1, and finally, decreased monocyte-endothelial cell adhesion (Chai et al., 2020).
At present, there are many known risk factors that increase monocyte-endothelial cell adhesion, including patients undergoing major surgery, intensive care, or long-term bed rest (Sikorski et al., 2011; Ribeiro et al., 2018; Schmitt et al., 2020; Wilhelms et al., 2020; Wu et al., 2020). Therefore, the rational use of DEX in critically ill patients should be concerned. Moreover, whether DEX can affect the phagocytosis and presentation of monocytes remains to be further studied.
2.2.6.2 Macrophages
Macrophages, as the principal phagocytes in the inflammatory stage, are responsible for clearing the necrotic fragments, pathogens of tissues and cells in the body damage. They can phagocytize and absorb polymorphonuclear neutrophils (PMN) with local infiltration and apoptosis, and then inhibit the excessive secretion of pro-inflammatory cytokines. They play a key role in the lysis phase, and participate in the progress and regression of inflammation (Sugimoto et al., 2017).
Macrophages express α2-AR on their cell membrane. And the ability of macrophages to resist microbial growth depends on the activated state of macrophages. There are two phenotypes of macrophage activation including M1 and M2. M1 macrophages participate in the positive immune response and play the role of immune monitoring by secreting pro-inflammatory cytokines and chemokines, and presenting antigens; M2 macrophages only have weak antigen presenting ability, but play an important role in immune regulation by secreting cytokines such as IL-10 and TGF-β (Martinez Fernando and Gordon, 2014). And DEX can enhance the production of major antibacterial effector molecules, including ROS and NO, and activate macrophages to resist the growth of intracellular pathogens (Rezai, 1968; Ohmori and Hamilton, 1994; MacMicking et al., 1997). It can also activate the antifungal and antibacterial activities of macrophages by combining with macrophages α2-AR, and regulate the up-regulation of inflammatory molecules induced by endotoxin (Miles et al., 1996; Lai et al., 2009). In an animal experiment, macrophages were pretreated with DEX to increase pro-inflammatory factors, such as TNF-α and IL-6, inhibit the secretion of anti-inflammatory factor IL-10, and promote macrophage M2 polarization in a PPARγ/STAT3 dependent manner (Zhou et al., 2020).
Moreover, Chang et al. (2013) found that DEX could inhibit the transport of HMGB1 from nucleus to cytoplasm and the expression of high mobility group box 1 (HMGB1) mRNA, while HMGB1 is a key pro-inflammatory factor closely related to the mortality of patients with sepsis. Its mechanism may be related to NF-κB signaling pathway and α2-AR activation (Chang et al., 2013). Li et al. (2021) found that DEX post-treatment, through the increase of F4/80 + Ly6G + macrophages, promotes the secretion of TGF-β1, which leads to the reduction of cytokine storm and accelerates the resolution of inflammation. A series of studies have found that DEX can reduce the secretion of IL-1β and TNF-α in macrophages, increase the expression of LC3-II (autophagy related protein), promote the clearance of damaged mitochondria. The DEX also can promote PTEN-induced putative kinase 1 (PINK1) mediated mitochondrial autophagy, thereby reducing the apoptosis and inflammation of macrophages induced by LPS, and play a protective role in sepsis (Wang K. et al., 2019). Yang et al. (2008) found in animal models that high-dose but not clinically relevant dose DEX can effectively inhibit the concentration of macrophage inflammatory protein 2 (MIP-2), TNF-α and iNOS in the lung, and significantly reduce the cytokines (IL-1β, IL-6) in ventilator-related lung injury, these effects are at least partially mediated by α2-AR. However, Lai et al. (2009) discovered that DEX at a higher dose than routinely used in clinics has a significant biphasic effect (first inhibition and then enhancement) on the secretion of inflammatory factors (COX-2, PGE2, TNF-a, IL-1b, IL-6, IL-10, iNOS and NO) after activating mouse macrophages α2-AR. Meanwhile, it has been found that DEX does not directly inhibit the release of cytokines from human pulmonary macrophages like rodents (Kang et al., 2003; Piazza et al., 2016).
At present, the effect of DEX on phagocytosis of macrophages is still controversial. Wu R. S. et al. (2015) found that DEX could enhance the phagocytic activity of macrophages in mice with endotoxemia. Tippimanchai et al. (2018) suggested that DEX could reduce the number of alveolar macrophages and inhibit their phagocytosis in septic mice. García et al. (2003) suggest that α2-AR controls phagocytosis and chemotaxis in primary cultured rat peritoneal macrophages, maintaining phagocytosis at optimal levels.
All in all, the difference between the results of animal experiments and clinical trials deserves further study.
2.3 Adaptive Immune Responses
Adaptive immune responses refer to the whole process in which antigen-specific T/B lymphocytes are activated, proliferated and differentiated into effector cells to produce a series of biological effects.
2.3.1 B Cells
B cells participate in the immune responses through a variety of ways: produce antibodies, differentiate into plasma cells, act as APCs, and secrete various cytokines to regulate the activities of other immune systems and immune cells. Under antibody-mediated autoimmune conditions, B cells play a key role in humoral immunity.
Whether α2-AR are expressed on the surface of B cells is unclear. When DEX is administrated with middle and high doses, it can inhibit the release of IL-1, IL-6, TNF-α and PGE2, increase the release of IL-2, and play an anti-nociceptive role in acute inflammatory visceral pain, thereby inhibiting visceral hypersensitivity (Ma et al., 2017; Liu et al., 2018). Also, DEX activates the B cell signaling pathway by inhibiting the p38 mitogen-activated protein kinase/nuclear factor K-light chain enhancer, increasing the serum IL-2 level of ovarian cancer rats and enhancing the immune function (Cai et al., 2017).
However, it was found that there was no significant difference in the number of B lymphocytes between the DEX group and the control group, suggesting that DEX had little effect on humoral immune response of patients undergoing oral cancer surgery (Huang et al., 2021). Wu R. S. et al. (2015) found that continuous intravenous infusion of DEX during general anesthesia can reduce the number of B cells, which effectively inhibits the perioperative stress response of children with brain tumors. The specific mechanism of the effect of DEX on humoral immune function is still unclear, and its effect on humoral immune function of patients with malignant tumor needs further study.
2.3.2 T Cells
T cells are one of the main members of lymphocytes. They have many biological functions, including killing target cells directly, assisting or inhibiting B cells to produce antibodies, responding to specific antigens and producing cytokines. The immune response caused by T cells belongs to cellular immunity.
2.3.2.1 The Amount of CD3+, CD4+, CD8+ and CD4+/CD8+ Ratio
CD3 molecule is a characteristic mark on the mature T cells and the number of it reflects the total number of T cells, and its increase indicates the enhancement of immune function. CD4+ T cells are auxiliary T cells, which play an accessory role in the induction of cellular and humoral immunity. CD8+ T cells are mainly immunosuppressive cells, which inhibit the function of other immune cells. The decrease of the CD4+/CD8+ ratio indicates poor immune function, and a large decrease often indicates the severity of the disease and poor prognosis (Huang et al., 2021).
Related studies have confirmed that compared with the control group, the amount of CD3+, CD4+ cells and the ratio of CD4+/CD8+ in the DEX group were significantly increased, while the percentage of CD8+ cells was significantly decreased (Wu R. S. et al. (2015); Huang et al., 2021; Wu R. S. et al. (2015); Yang et al., 2017; T. Zhao et al., 2013). Moreover, clinical trials found that intraoperative continuous intravenous infusion of DEX in adults can significantly improve cellular immune function (Liang et al., 2012). Clinical studies also show that DEX can regulate the perioperative immune response of patients undergoing radical surgery for breast cancer, colon cancer and gastric cancer, which is beneficial to enhance the immune function of cancer patients and promote postoperative recovery. And the incidence of gastrointestinal reaction and postoperative cognitive dysfunction in the DEX group are significantly lower than those in the control group (Wang et al., 2015; Yang et al., 2017; Wang and Li, 2018). Related studies believe that DEX can maintain better perioperative cellular immune function, reduce cellular immune suppression and hematogenous metastasis, and play a role in postoperative immune protection. As for cytokines, Yang et al. (2017) considered that the concentrations of IFN-γ, IL-2, IL-10 and IL-6 in DEX group were significantly increased.
2.3.2.2 The Balance Among Th1, Th2, Th17 and Regulatory T Cells (Tregs)
The balance among T cell subsets is crucial for the homeostasis of the immune system and is a hot spot in current research (Zhao et al., 2013). The number of CD4+ T cells accounts for 65% in peripheral blood. The previous studies on CD4+ T cells are more detailed, and we will focus on this review. The Th0 cells is an initial CD4+ T cell unstimulated by antigen and can differentiate into Th1, Th2, Th17, and Treg cells under different cytokine environments.
Th1 mainly secretes IL-2 and IFN-γ, activates T lymphocytes and macrophages, mediates cellular immune response, and reduces postoperative infection (Lee et al., 2018). It is also believed that the increased secretion of IL-2 and TNF-α can activate inflammatory responses, promote leukocyte adhesion, and provide conditions for the further development of inflammation (Jeong et al., 2016; Elmoutaz Mahmoud and Rashwan, 2018). Th2 mainly secretes IL-4, IL-6 and IL-10, induces B lymphocytes to secrete immunoglobulin (Lee et al., 2018), promotes humoral or antibody mediated immunity, and suppresses cell-mediated immune responses (Kurosawa and Kato, 2008; Webster and Galley, 2009). At present, IFN-γ, IL-2 and IL-4 are the main indicators that reflect the balance of Th1 and Th2. However, the effect of DEX on the balance of T cell subsets (Th1/Th2) is controversial.
From the results of the meta-analysis, Wang Y. et al. (2019) belived that DEX increased the ratio of Th1/Th2. Besides, in patients undergoing laparoscopic cholecystectomy, the ratio of IFN -γ/IL-4 and Th1/Th2 cytokines in DEX group were higher than that in control group. In breast cancer patients, the levels of IL-2 and IFN-γ secreted by Th1 in DEX group increased, while the level of IL-4 secreted by Th2 did not change much, indicating that DEX can inhibit the transformation of Th1 to Th2 (Cardinale et al., 2011). DEX attenuates Th2 polarization, maintains a relatively stable balance of Th1/Th2, and reduces surgical stimulation and inflammatory response. Therefore, DEX can maintain the immune balance of the patient population and protect the cellular immune function of the patient (Wang et al., 2015). These findings suggest that DEX may increase the Th1/Th2 ratio, thus playing an immunomodulatory role in patients under stress from surgery and anesthesia (Song et al., 2014).
The above research believes that DEX can shift the balance to Th1, but the following research believes that DEX is more inclined to Th2. Inada et al. (2005) found that DEX reduced the Th1/Th2 ratio, leading to a shift towards Th2. DEX combined with spinal anesthesia could promote the mRNA expression and protein secretion of IL-4 and IL-10 in female patients and newborns after cesarean section, while the mRNA expression and protein secretion of TNF-α and IL-2 in the DEX combined with spinal anesthesia group were significantly lower than that in the control group. Although cesarean section may affect the levels of IL-2 and IL-4, but it turns out that there is no significant difference compared with normal delivery. Therefore, DEX combined with intraspinal anesthesia can reduce the adverse reactions of puerpera after cesarean section, and promote the transformation of Th1 cytokines to Th2 cytokines (Shi and Zhang, 2019). In the anesthesia of patients with colon cancer radical operation, the indexes of Th1 and Th1/Th2 in DEX group were lower than that in the control group, which promoted the transformation of Th1 cytokines to Th2 cytokines, and DEX can significantly inhibit the activation of NF-κB, soluble intercellular adhesion molecule-1 (sICAM-1), IL-8 and IL-6 caused by anesthesia (Wang and Li, 2018). However, it was also found that the ratio of Th1/Th2 in DEX group did not change significantly during anesthesia in healthy patients (Kallioinen et al., 2019).
Th17 cells are another recently discovered helper T cell that differentiates under the stimulation of IL-6 and IL-23. The Th17 secrete IL-17A, which has obvious pro-inflammatory effect (Song et al., 2014), and can enhance the recruitment of neutrophils in the inflammatory site (Zhang et al., 2018a). IL-17A is considered to coordinate the local immune response and host defense against foreign pathogens in the autoimmune system. Regulatory T cells (Tregs) are a subset of T cells that can inhibit the immune response of cancer patients, and closely related to the occurrence of autoimmune diseases. Their abnormal expression can lead to autoimmune diseases, in which IL-17 and IL-10 are the main indicators of Th17 and Tregs, respectively. Moreover, the Th17/Tregs ratio has been reported to play an important role in immune regulation (Park et al., 2005; Singh et al., 2007; Guo et al., 2010; ChangHee and Chen, 2011; Zhang et al., 2011; Gu et al., 2013).
Similarly, there are different opinions about the effect of DEX on the balance of Th17 and Tregs. In patients undergoing radical resection of colon cancer, the number of Tregs in the DEX group was higher than that in the control group, indicating that DEX can promote the transformation of primitive T cells into Tregs (Wang and Li, 2018). However, in laparoscopic cholecystectomy anesthesia, DEX is associated with the decrease of Tregs cytokines IL-4 and IL-10 and can dose-dependently modulate the inflammatory response (Lee et al., 2018). In the mouse model, Song et al. (2020) deemed that DEX could inhibit IL-17A storm induced by acute lung injury to a certain extent, and could significantly reduce the amount of proinflammatory cytokines in bronchoalveolar lavage fluid (BALF).
In general, DEX can regulate the balance of Th1, Th2, Th17 and Tregs, and it can not only inhibit inflammation, but also alleviate immunosuppression, so it has strong immunomodulatory effect and better clinical therapeutic effect (Song et al., 2020).
2.3.2.3 Brief Summary
The possible reasons for DEX to improve cellular immunity are as follows: 1) DEX can selectively activate α2-AR in central and peripheral nervous system, reduce sympathetic activity and serum catecholamine concentration, and further alleviate surgical stress and its coupled immunosuppression (Xu and Wang, 2003); 2) DEX reduces perioperative opioid use and thus reduces the immunosuppressive effects of opioids (Kallioinen et al., 2019); 3) DEX has a certain analgesic effect, and application before surgical trauma stress can prevent the sensitization of the central and peripheral nerves, reduce the pain caused by traumatic stimulation, achieve preemptive analgesia, and enhance the body’s immune function (Wu R. S. et al., 2015); 4) DEX has anti-inflammatory and organ protective effects on ischemia and hypoxia injury, thereby maintaining body homeostasis and helping to improve immunity (Wang et al., 2015; Ma et al., 2017). In the future, we will need to study these potential mechanisms at the cellular and molecular levels, analyze immune cells, and detect the mRNA expression levels of transcription factors and chemokines (Huang et al., 2021).
In fact, T cells are mainly divided into T helper cells (CD4+ cells), cytotoxic T cells (CD8+ cells), memory T cells (CD4+ or CD8+ with antigenicity), Tregs, natural killer T cells (NKT cells) and δγ T cells (Chaplin, 2010). However, at present, studies mainly focus on the effect of DEX on the amount of CD3+, CD4 +, CD8+ and the ratio of CD4+/CD8+. The effects of DEX on memory T, NKT and δγ T cells are not involved at present, and there are few studies on molecular level, which may become the direction of future research. Figure 1 summarizes the effects of DEX on T cells.
[image: Figure 1]FIGURE 1 | The effect of DEX on T cells. DEX can increase CD4+ T cells, decrease CD8+ T cells, and increase the CD4+/CD8+ value; meanwhile, DEX can promote the differentiation of CD4+ T cells into Tregs, reduce Th17 and the Th17/Tregs value; however, there is currently no consensus on the effect of DEX on Th1 and Th2.
2.4 DEX and Cancer
DEX can improve the coagulation and immune function of patients with colon cancer, and the CD4+/CD8+ of the DEX group after surgery is higher than that of the control group (Zhao and Li, 2020). DEX can reduce the immunosuppression of patients with oral cancer by increasing the percentage of CD3+, CD4+, DCs and CD4+/CD8+ ratio (Huang L et al., 2021). DEX can effectively inhibit the activation of IGF2 signal pathway, improve the immune function of ovarian cancer rats, inhibit the invasion and migration of ovarian cancer cells, and significantly increase the percentage of CD4+, CD8+ and the ratio of CD4+/CD8+ (Tian et al., 2019). The DEX infusion may improve the surgical outcomes of ovarian cancer by inhibiting the surgical stress response and the release of stress mediators (Shin et al., 2021). CD3+ T cells and CD4+/CD8+ in DEX group were significantly higher than that in the control group, which could reduce the perioperative inflammatory response and improve the cellular immune function of patients undergoing thoracoscopic radical resection of lung cancer (Kong and Lu, 2018; Zong et al., 2021). DEX may inhibit p38MAPK/NF-κB signaling pathway to enhance the immune function of ovarian cancer rats (Cai et al., 2017). DEX can alleviate the immunosuppression caused by circulatory fluctuation in patients with gastric cancer (Zheng et al., 2020). The levels of IFN-γ and IL-10 in the DEX group were lower than those in the control group, and the percentage of CD4+/CD8+ cells was higher than that in the control group, which reduced the perioperative stress response of rectal cancer patients and protected the cellular immune function (Zhang et al., 2018b). DEX can effectively alleviate the release of inflammatory factors in patients undergoing radical gastrectomy for gastric cancer, possibly by down-regulating the activation of NF-κB. In addition, DEX can also regulate the reduction of CD3+ and CD4+ subsets, so as to improve the impaired immune function (Dong et al., 2017). It also reduces the severity of early postoperative pain and opioid consumption in patients with uterine cancer (Cho et al., 2021). Continuous intravenous infusion of DEX during general anesthesia can effectively inhibit the perioperative stress response of children with brain tumors and reduce cellular immune suppression (Wu L et al., 2015). All in all, the current evidence shows that DEX can reduce immunosuppression in tumor patients, which may have certain significance in limiting tumor spread and invasion. Of course, the current studies has the problem of insufficient sample size, or most of the studies are based on animal experiments, so high-quality clinical randomized controlled studies in the future are necessary to demonstrate this conclusion.
2.5 DEX and Clonidine
Studies have shown that under acute inflammatory conditions, α2-AR agonist drugs can regulate the inflammatory process and immune pathways, of which receptor-mediated action is one of the important mechanisms (Flanders et al., 2019). Compared with clonidine, DEX has 8-fold higher affinity for α2-AR (Bhana et al., 2000). It was found that clonidine and DEX at relevant concentrations did not affect the chemotaxis, phagocytosis or superoxide production of human neutrophils. These findings indicate that when used in patients with infection, sepsis, or systemic inflammation, the type of α2-AR agonist is not the focus of attention (Nishina et al., 1999). A trial with no risk of bias compared DEX to clonidine found that target sedation was achieved in more patients treated with DEX and less need for additional sedation. Evidence on the use of clonidine in the intensive care unit (ICU) is very limited. DEX can effectively reduce the hospitalization time and extubation time of patients in ICU (Cruickshank et al., 2016). Unlike those reported in rodents, clonidine and DEX do not directly inhibit cytokine release from human lung macrophages (Piazza et al., 2016). In short, DEX and clonidine, which are also α2-AR, have very few comparative studies on their effects on immune cells, and this may be a future research direction.
3 CONCLUSION AND PERSPECTIVES
The adrenergic signaling pathway has an immunomodulatory effect and has been extensively studied (Sharma and Farrar, 2020). As a highly selective agonist of α2-AR, DEX plays an important role in the inflammatory immune system, and this new direction has also triggered a series of studies on DEX in clinical diseases.
The article reviews the novel functions of DEX from the aspects of immune cells and related diseases. In general, DEX has double effects on innate immune response: on the one hand, it suppresses DCs function to play an immunosuppressive role; on the other hand, it promotes M2 polarization of macrophages, neutrophils clearance and enhance the amount of NKs to adjust immune function and play an anti-inflammatory role. In adaptive immune responses, DEX has little effect on the humoral response of B cells, but it can enhance cellular immunity by regulating the differentiation, number and proportion of T cell subtypes. And, the overall effect of DEX on immune cell function and inflammatory cytokines is shown in Figure 2. Furthermore, DEX can alleviate neuroinflammation and has a good therapeutic effect on autoimmune diseases, such as RA, osteoarthritis, tooth inflammation and colitis.
[image: Figure 2]FIGURE 2 | Effects of DEX on immune cell and inflammatory cytokines. DEX can act on DC cells to down-regulate innate immune function, while acting on NK cells, eosinophils, mast cells, neutrophils and monocytes to up-regulate this function; and DEX has no obvious effect on B cells, but can act on T cells upregulate adaptive immunity; meanwhile, DEX can down-regulate pro-inflammatory cytokines and up-regulate anti-inflammatory factors, thereby inhibiting the inflammatory response. Note: The image of the cells in the figure is from https://biorender.com/.
However, there are a lot of controversies at present. Some studies hold that DEX can inhibit the function of DCs in vitro, but some consider that it can increase the number of DCs in cancer patients to enhance immune function in clinical trials; besides, some think that DEX can increase the number of B cells, while others argue that it has little effect; and there are different opinions on the direction in which DEX modulates the balance of Th1/Th2 and Th17/Treg; similarly, there are different opinions on the mechanism of the new effect of DEX.
The reasons for the different results may be as follows: 1) due to the long-term use of DEX in some studies, the sensitivity of α2-AR may be down regulated, resulting in different results (Banati et al.,1993; Peng et al., 2013); 2) at present, the research on immune cells and inflammatory molecules is not thorough enough, and they may play different roles in different conditions; 3) the DEX may also play a role through other receptors and other mechanisms in different pathological conditions (Guo et al., 2018); 4) the dose was more than the clinical use in vitro studies; 5) studies on the effects of DEX on immunity and inflammation mostly focuses on monocytes/macrophages, microglia and T cells, and other immune cells are less involved, so it is normal for controversies to arise; 6) the research objects may be different, some are healthy, some are under the condition of illness; 7) it may be inaccurate to estimate the balance of T cells by measuring plasma cytokine concentration, because all IFN-γ and IL-4 in plasma are not only from Th1 and Th2 cells (Meng et al.,2020); 8) in addition, since most studies on the effect of DEX on immune responses are conducted in a clinical environment, patients have received various drug combinations, and some confounding factors may affect the results; 9) the time of sample collection and detection may be different, some may only detect the immediate reaction after medication, ignoring the results after 1–3 days (Lorton and Bellinger Denise, 2015).
The mechanism of DEX regulating immune cells and inflammatory mediators currently discovered includes: 1) DEX can active α2-AR on the immune cells membrane in the center and periphery, thereby regulating the expression of related inflammatory mediators; 2) DEX can directly or indirectly regulate the release of sympathetic neurotransmitters; 3) DEX has the direct anti-inflammatory effect, reduces the expression of pro-inflammatory mediators and increases the level of anti-inflammatory mediators; 4) DEX can promote natural sleep (Wu et al., 2016), which protects the body immune function, restores body energy and repairs the potential organ damage in the body (Besedovsky et al., 2012; Irwin and Opp, 2017; Joshua, 2021); 5) DEX can regulate M1/M2 polarization of macrophage and the balance among Th1, Th2, Th17 and Tregs; 6) DEX has a certain analgesic effect and helps to regulate the neuroendocrine immune network; 7) DEX reduces the release of pro-inflammatory factors through the TLR4-NF-κB-MAPK signaling pathway and the cholinergic anti-inflammatory pathway; 8) DEX exerts central anti-inflammatory effect by down regulating the expression of MCP-1; 9) DEX pretreatment can inhibit the expression of HMGB1, which is well known as a mediator of late inflammation, and it is also an early mediator of aseptic inflammation.
In the future, the role of DEX in different inflammatory and immune conditions, such as atherosclerosis and pulmonary infection, should be considered. DEX can significantly reduce the expression of MCP-1 (Wang et al., 2020), which plays an important role in the occurrence and development of RA, atherosclerosis, coronary heart disease and other inflammatory diseases (Deshmane et al., 2009; Xia and Sui, 2009). Also, DEX can enhance the expression of sirtuin-1 (SIRT1), which has been expected to become a new target for the treatment of cardiovascular diseases (Prola et al., 2017). Similarly, DEX can reduce the expression of VCAM-1 receptor integrin-4 (VLA-4) and lymphocyte associated molecule-1 (LFA-1), which is a good news for patients with atherosclerosis, long-term bedridden and undergoing major surgery. Also, DEX can up adjust PPARγ, which is the key to control the synthesis of pro-inflammatory cytokines, immunosuppression and cancer development (Wu et al., 2012). Moreover, DEX can down regulate HMGB1 in macrophages, which is an important inflammatory mediator in the late stage of sepsis and plays an important role in the pathogenesis of sepsis, tumor, arthritis and other inflammatory diseases (Andersson et al., 2018). Besides, DEX can enhance cellular immune response, so we can focus on its role in enhancing anti-tumor immunity.
All in all, we reviewed the anti-inflammatory and immunomodulatory mechanisms of DEX, comprehensively summarized the effects of DEX on immune cell function and inflammatory molecules, and also explained the role of α2-AR in the immune system, which provides a theoretical background for the application of DEX in immune-inflammatory related diseases.
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Exportin 1 (XPO1) is an important transport receptor that mediates the nuclear export of various proteins and RNA. KPT-8602 is a second-generation inhibitor of XPO1, demonstrating the lowest level of side effects, and is currently in clinical trials for the treatment of cancers. Previous studies suggest that several first-generation inhibitors of XPO1 demonstrate anti-inflammation activities, indicating the application of this drug in inflammation-related diseases. In this study, our results suggested the potent anti-inflammatory effect of KPT-8602 in vitro and in vivo. KPT-8602 inhibited the activation of the NF-κB pathway by blocking the phosphorylation and degradation of IκBα, and the priming of NLRP3. Importantly, the administration of KPT-8602 attenuated both lipopolysaccharide (LPS)-induced peripheral inflammation and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuroinflammation in vivo. In addition, the tissue damage was also ameliorated by KPT-8602, indicating that KPT-8602 could be used as a novel potential therapeutic agent for the treatment of inflammasome-related diseases such as Parkinson’s disease, through the regulation of the NF-κB signaling pathway and the NLRP3 inflammasome.
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INTRODUCTION
Exportin 1 (XPO1), also referred to as chromosomal maintenance region 1 (CRM1), is a key nuclear transport receptor involved in the export of more than 200 known cargo proteins, including tumor suppressors, anti-inflammatory factors, and growth-regulating proteins (Hutten and Kehlenbach, 2007; Xu et al., 2010; Xu et al., 2012). XPO1 mediates the nuclear transport process by specifically recognizing the leucine-rich nuclear export signal (NES) in cargo proteins (Hutten and Kehlenbach, 2007). Previous studies suggest that XPO1 is involved in the transport of proteins related to oncogenesis, including p53, p73, FOXO, PI3K/AKT, and Wnt/β-catenin, indicating its pivotal regulatory role in cancer therapy (Kau et al., 2004; Turner et al., 2012; Hill et al., 2014). Also, the upregulation of XOP1 causes alterations in the process of cell apoptosis, DNA damage repair, chromosome stability, and angiogenesis (Sun et al., 2016; Wang and Liu, 2019). Therefore, XPO1 is considered an effective target for the treatment of cancer, inflammation, and autoimmune diseases, through the regulation of nuclear–cytoplasmic localization of important proteins (Mao and Yang, 2013; Gravina et al., 2014; Haines et al., 2015; Olazagoitia-Garmendia et al., 2021).
In recent years, several small-molecule selective inhibitors of nuclear export (SINE) compounds with anticancer activities are discovered. Selinexor (also called KPT-330), is a first-in-class oral SINE compound that has been shown to induce nuclear aggregation of tumor suppressor proteins and demonstrate anticancer activities in preclinical and clinical research and is currently being evaluated in phase I/II/III clinical trials for its potential use in hematologic and solid tumors (Lang et al., 2019; Taylor-Kashton et al., 2016; Azmi et al., 2021). However, the presence of its systemic toxicities and brain/blood-related adverse reactions limited its clinical application due to safety reasons (Jakubowiak et al., 2019; Chen et al., 2018). Eltanexor (also called KPT-8602, Figure 1A) is a second-generation SINE compound developed by Karyopharm to address the high toxicity of selinexor, and it has been shown to have similar efficacy to or even better efficacy than selinexor in hematological malignancies in animal models (Lang et al., 2019). Also, due to its low central nervous system (CNS) penetration rate, eltanexor is therefore better tolerated and can be used in a wider therapeutic window (Hing et al., 2016; Etchin et al., 2017).
[image: Figure 1]FIGURE 1 | KPT-8602 inhibits LPS-induced high expression of pro-inflammatory cytokines in macrophages. (A) Structure of KPT-8602. (B) iBMDMs were treated with various doses of KPT-8602 for 6 h, and cell viability was assessed by the CCK-8 assay kit. (C) Working model of LPS-induced inflammation. (D–G) iBMDMs were pretreated with KPT-8602 at different concentrations and stimulated with LPS for 6 h, and then the mRNA levels of IL-1β (D), IL-6 (E), TNF-α (F), and Nlrp3 (G) were analyzed by real-time PCR. (H–J) Primary peritoneal macrophages (PMs) pretreated with KPT-8602 (5 μM) were treated with LPS for 6 h, and then the mRNA levels of Nlrp3 (H), IL-1β (I), and TNF-α (J) were analyzed by real-time PCR. (** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001 by one-way ANOVA). n. s. no significant, NT, no treatment.
The NOD-like receptor protein 3 (NLRP3) inflammasome is one of the major inflammasomes activated by a variety of pathogen-associated molecules and damage-associated molecules (Pan et al., 2021). The activation of the NLRP3 inflammasome is regulated by a 2-step activation process including the priming phase, characterized by the activation of the nuclear factor kappa B (NF-κB) pathway that promotes the expression of NLRP3 and the precursor of IL-1β; and the activation phase, featured by the assembly of the NLRP3 inflammasome induced by stimuli such as nigericin (Nig) (Elliott and Sutterwala, 2015; Shao et al., 2015). Our previous study reveals that aberrant activation of the NLRP3 inflammasome contributes to neurodegenerations and development of Parkinson’s disease (PD) through the promotion of inflammation and induction of pyroptosis (Cheng et al., 2020).
In this study, we demonstrated that KPT-8602 suppressed the activation of the NF-κB signaling pathway by inhibiting the phosphorylation and degradation of IκBα, and therefore inhibited the transcription of NLRP3. Moreover, in vivo study revealed that lipopolysaccharide (LPS)-induced peripheral inflammation and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuroinflammation were both downregulated by the administration of KPT-8602. Consistently, the tissue injury was also ameliorated by administration of KPT-8602, suggesting that KPT-8602 is a potential therapeutic agent for the treatment of diseases associated with aberrant activation of the NF-κB signaling pathway and the NLRP3 inflammasome.
MATERIALS AND METHODS
Mice
C57BL/6 mice were purchased from Vital River Laboratory Animal Technology Co., Ltd (Beijing). For the experiment, four to five mice were housed per cage under a 12-h light/dark cycle at 22–24°C and given unrestricted access to food and water. All the animal experimental procedures were approved by the Institutional Animal Care and Use Committee of the Beijing Institute of Basic Medical Sciences.
Cell Culture and Treatment
Immortalized murine bone marrow-derived macrophages (iBMDMs) or BV2 microglial cell lines were maintained in Dulbecco s modified Eagle s medium (#11965–092, Life Technologies, Waltham, MA, United States ) supplemented with 10% heat-inactivated fetal bovine serum (FBS, #04-001-1A, Biological Industries, Beit Haemek, Israel) and 1% penicillin–streptomycin solution (#03-031-1B, Biological Industries) at 37°C in a humidified atmosphere with 5% CO2. For LPS-induced inflammation in vitro, iBMDMs were pretreated with 1.25, 2.5, 5, and 10 μM of KPT-8602 for 30 min, and stimulated with LPS (1 μg/ml) for 6 h.
Cell Viability Assay
A Cell Counting Kit-8 (CCK-8) assay (ab228554; Abcam, Cambridge, UK) was used to evaluate cell viability following the manufacturer’s instructions. Briefly, iBMDMs were plated at a density of 1 × 105 cells/mL in 96-well plates and exposed to different concentrations of KPT-8602 for 6 h. Subsequently, 10 μL of CCK-8 reagent was added to each well and incubated at 37°C for an additional 2 h. Finally, a Spectra Max i3x (Molecular Devices, Sunnyvale, CA, United States) was used to measure the absorbance at 450 nm.
Isolation and Culture of Primary Macrophages
Primary peritoneal macrophages (PMs) from 8-week-old wild-type mice were isolated and cultured as previously described (Pan et al., 2021). Briefly, the mice were killed by using the cervical dislocation method and 75% ethyl alcohol disinfection for 5–10 min. PMs were collected after washing the peritoneal cavity with 5 ml of an ice-cold serum-free RPMI-1640 medium (#C11875500BT, Gibco, Shanghai, China). After that, the PMs were centrifuged at 300 g and 4°C for 5– min, and the cell pellets were resuspended in a fresh RPMI-1640 medium (supplemented with 10% heat-inactivated FBS, 1% penicillin, and 1% streptomycin) and then seeded in culture plates for subsequent experiments.
SiRNA-Mediated Gene Silencing in iBMDMs and PMs
iBMDMs/PMs (3 × 105 cells/mL) were plated in 12-well plates and siRNA (50 nM) was transfected into the cells in each well using Lipofectamine RNAiMAX (Invitrogen) as per the manufacturer’s instructions. The siRNA scramble and siRNA against XPO1 were obtained from Genepharma (Suzhou, China).
Western Blotting
Cells or tissues were lysed with RIPA lysis buffer comprising a cocktail of protease and phosphatase inhibitors, and total protein concentrations were measured by BCA assay and boiled at 100°C for 15 min. The equal amounts of proteins were separated by SDS-PAGE gel at 80 V for 0.5 h and 120 V for 1 h. After that, the protein was transferred to a PVDF membrane (#ISEQ00010, Millipore, Darmstadt, Hessen, Germany) at 250 mA for 1.5 h. The membrane was blocked for 1 h at room temperature using blocking buffer (5% nonfat milk) and was then incubated with primary antibodies overnight at 4°C. The next morning, the membrane was washed with Tris-buffered saline and Tween-20 (TBST) three times for 5 min each, followed by incubated with conjugated secondary antibodies for protein detection. The primary antibodies used in the present study are as follows: anti-phospho-IKKα/β (#2697P, Cell Signaling Technology, MA, United States, 1:1000), anti-phospho-IκBα (#2859, Cell Signaling Technology, 1:1000), anti-IKKα (#A2062, ABclonal Technology, Wuhan, HB, China, 1:1000), anti-IκBα (#4814, Cell Signaling Technology, 1:1000), anti-exportin 1/CRM1 (#46249, Cell Signaling Technology, 1:1000), anti-GAPDH (CW0266A, CWBiotech, Beijing, China, 1:2000), anti-H2B (ab64165, Abcam, 1:1000), anti-phospho-NF-κB p65 (#3033, Cell Signaling Technology, 1:1000), anti-NF-κB p65 (#8242, Cell Signaling Technology, 1:1000 for Western blotting, 1:400 for immunofluorescence), anti-NLRP3 (#AG-20B-0014, AdipoGen, San Diego, CA, United States, 1:1000), anti-caspase-1 (#Ag-20B-0042, AdipoGen, 1:1000), anti-IL-1β (#AF-401-NA, R&D Systems, Minneapolis, MN, United States, 1:1000), anti-ASC (#67824, Cell Signaling Technology, 1:1000 for Western blotting, 1:200 for immunofluorescence), anti-TH (2792, Cell Signaling Technology, 1:1000 for Western blotting, 1:400 for immunochemistry), anti-Iba1 (ab5076, Abcam, 1:1000 for Western blotting, 1:400 for immunofluorescence), anti-β-actin (60008-1-Ig, Proteintech Group, Campbell Park, Chicago, IL, United States, 1:2000 for Western blotting, 1:500 for immunofluorescence), and anti-β-tubulin (#CW0098A, CWBiotech, Taizhou, JS, China, 1:2000 for Western blotting, 1:500 for immunofluorescence).
Enzyme-Linked Immunosorbent Assay
PMs treated with LPS (1 μg/ml) for 3.5 h were further stimulated with Nig for 45 min. Then, the supernatants were collected and centrifuged at 12,000 × g and 4°C for 5 min. The concentration of IL-1β in the supernatants (#432604, BioLegend, San Diego, CA, United States) was determined by ELISA following the manufacturer’s instructions.
Assessment of LPS-Induced Systemic Inflammation
Eight-week-old C57BL/6 male mice (body weight: 22–25 g) were orally administered with 5 mg/kg KPT-8602 or vehicle (saline) and then intraperitoneally injected with LPS (10 mg/kg). After 4 h, all animals were killed, and tissue samples from the liver, lung, and kidney were collected for subsequent experiments.
Histological Analysis
Tissue samples from the liver, lung, and kidney were fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) for 24 h, and 5 μm coronal paraffinized sections were prepared for histological assessment. The sections of various organs were stained with hematoxylin and eosin (H&E). The pathological scores for these organs were determined as described in previous studies with minor modifications (Maehara et al., 2020) and were mainly determined as the degree of immune cell infiltration and structure disruption, with a scale of 0–3 as follows: 0 = none, 1 = mild, 2 = moderate, and 3 = severe.
Induction and Assessment of MPTP-Induced PD
Eight-week-old C57BL/6 male mice (body weight: 22–25 g) were orally administered 5 mg/kg KPT-8602 or vehicle (saline) for 6 days at 12 h after the MPTP injection (Figure 6A). The mice were administered four intraperitoneal injections of 20 mg/kg MPTP as previously described (Wu et al., 2016). At 7 days after the final MPTP injection, all animals were killed, and the substantia nigra and striatum tissue samples of one of the cerebral hemispheres of mice in each group were collected for the Western blot analysis. The other hemispheres were infused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), and 40 μm coronal frozen sections were prepared for immunohistochemical assays.
Behavioral Tests
For the rotarod test, the motor capacity of the mice was assessed using a rotarod apparatus (Panlab, Barcelona, Spain, LE8200). Briefly, the mice were placed on a rotation rod, with the rotation speed gradually increased from 4 to 40 rpm over a period of 5 min, and the latency to falling was recorded. Three tests were performed at an interval of 1 h, and the average of the three tests was taken as the final test result. The mice were acclimated to the environment prior to each training and test session.
Immunochemistry
All animals were euthanized with tribromoethanol, then precooled normal saline was infused into the heart and brain tissue was fixed with 4% PFA for at least 24 h. The coronal sections were then immunochemically treated with anti-TH antibody staining and confocal analysis. For TH labeling, briefly, the slices were incubated with rabbit polyclonal anti-TH antibodies (1:400, Cell Signaling Technology) and visualized with biotinylated goat anti-rabbit IgG, followed by streptavidin-conjugated horseradish peroxidase (Vectastain ABC kit, Zhongshanjinqiao, Beijing, China). Positive immunostaining was visualized with 3,3-diaminobenzidine (DAB) peroxidase substrate (DAB kit, Vector Laboratories). Stained sections were mounted onto slides and analyzed by Stereo Investigator software (MicroBrightfield, Williston, VT, United States).
Stereological Analysis
All procedures were performed as previously described (Zheng et al., 2021). Briefly, 40-μm coronal sections were cut throughout the brain, including the substantia nigra and striatum, and every fourth section was used for analysis by Stereo Investigator software.
Multiplex Immunofluorescence Staining
The tyramide signal amplification (TSA)-based Opal staining method was used to stain multiple markers from the same species of SNc sections as described in the previous studies and modified (Fan et al., 2021). Briefly, tissue sections were placed in citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min at a sub-boiling temperature, washed twice in PBS, and then blocked in 3% hydrogen peroxide for 20 min at room temperature. The samples were then washed thrice in PBS, blocked in blocking solution (5% fetal bovine serum, 0.5% Triton X-100, 1% bovine serum albumin) for 1 h at room temperature, incubated with anti-rabbit Iba1 antibody (1:400, Abcam) at 4°C for 30 min, and then incubated at room temperature for 30min, washed in PBST (PBS and Tween 20, pH 7.6), incubated in poly-HRP-conjugated secondary antibody, and washed again in PBST before incubation in a tyramide working solution (e.g., AlexaFluor 488 tyramide) for 10 min followed by immediate application of reaction stop reagent working solution. For the second round of staining, tissue sections were first rinsed three times in PBST before being placed in citrate buffer for 30 min and blocked in 3% hydrogen peroxide and blocking solution again before application of anti-rabbit ASC (1:200, CST) and secondary antibody, followed by treatment with a second tyramide working solution (e.g., AlexaFluor 594 tyramide). For TH marker staining, the process was repeated once more with a third tyramide working solution (e.g., AlexaFluor 647 tyramide). Tissue sections were re-stained with DAPI, covered with slides (CITOGLAS, 188105W) and then dried overnight at 4°C before confocal microscopic imaging.
The number of ASC speck-positive cells was analyzed by the formula as follows: Ratio = the number of ASC speck-positive cells/the number of total cells. The number of Iba-1-positive cells was counted in the same way.
ASC Oligomerization Assay
The ASC oligomerization assay was performed as previously reported (Pan et al., 2021). Briefly, 45 min post-Nig stimulation, primary macrophages were rinsed in ice-cold PBS and then lysed with hypotonic lysis buffer (10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 0.1mM PMSF, and 20 mM Tris; pH 7.5) and incubated on ice for 30 min, shaking every 5 min. The lysates were centrifuged at 6,000 × g for 8 min at 4°C, and then the pellets were washed three times in ice-cold PBS and resuspended in 500 μL CHAPS buffer (0.1% CHAPS, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, and 20 mM Tris; pH 7.5). The resuspended pellets were incubated with disuccinimidyl suberate (DSS, #S1885, Sigma-Aldrich, 2 mM) for 45 min at 37°C with rotation. The samples were then centrifuged at 6, 000 × g for 15 min at 4°C. The cross-linked pellets were resuspended in 60 μL of sample buffer and were then analyzed by Western blotting.
Dual-Luciferase Reporter System
The NF-κB reporter was generated in our laboratory (Li et al., 2020). Briefly, the NF-κB promoter was cloned into a pGL3-luciferase reporter vector (Promega, Madison, United States). Then, HEK293T cells were co-transfected with the pCMV-Renilla plasmid and NF-κB reporter using Lipofectamine 2000 transfection reagent (#11668019, Invitrogen). The cells were lysed 24 hours after transfection, and luciferase activity was measured using a dual-luciferase reporter detection system (Promega).
Real-Time Quantitative Polymerase Chain Reaction
Total RNA was isolated from the cells or tissues using TRIzol reagent (#15596026, Invitrogen), and RNA (1 ug) from each sample was used for reverse transcription with a One-Step First-strand cDNA synthesis kit (#AT311-02, Transgen, Beijing, China). SYBR Green-based real-time qPCR (#A304, GenStar, Beijing, China) was used to measure target gene expression. The sequences of the gene-specific primers used are as follows:
mouse Il1b forward, GTC​GCT​CAG​GGT​CAC​AAG​AA.
mouse Il1b reverse, CTG​CTG​CCT​AAT​GTC​CCC​TT.
mouse Il6 forward, GCT​ACC​AAA​CTG​GAT​ATA​ATC​AGG​A.
mouse Il6 reverse, CCA​GGT​AGC​TAT​GGT​ACT​CCA​GAA.
mouse Tnf forward, CAG​GCG​GTG​CCT​ATG​TCT​C.
mouse Tnf reverse, CGA​TCA​CCC​CGA​AGT​TCA​GTA​G;
mouse Inos forward, GTT​CTC​AGC​CCA​ACA​ATA​CAA​GA.
mouse Inos reverse, GTG​GAC​GGG​TCG​ATG​TCA​C;
mouse Nlrp3 forward, ATT​ACC​CGC​CCG​AGA​AAG​G.
mouse Nlrp3 reverse, TCG​CAG​CAA​AGA​TCC​ACA​CAG.
mouse β-actin forward, GGT​GAA​GGT​CGG​TGT​GAA​CG.
mouse β-actin reverse, CTC​GCT​CCT​GGA​AGA​TGG​TG.
Statistical Analysis
The gray values of the Western blot bands were analyzed by ImageJ software (NIH, Bethesda, MD, United States). All the data represent three independent repeat experiments and the significance was performed with the t-test for two groups, or one-way ANOVA for multiple groups (GraphPad Software, San Diego, CA, United States). All values are expressed as the mean ± S.E.M. Differences between data were considered significant when the p value was <0.05.
RESULTS
KPT-8602 Inhibits LPS-Induced Inflammation In Vitro
To test the potential cytotoxicity of KPT-8602 on cells, we treated iBMDMs with a serial dose of KPT-8602. The results showed that KPT-8602 used the following10 uM displayed no obvious toxic effects on iBMDMs (Figure 1B). Then, iBMDMs were pretreated with 1.25, 2.5, 5, and 10 μM of KPT-8602 for 30 min and followed by stimulating with LPS (1 μg/ml) for 6 h (Figure 1C), and we found that the expression of IL-1β (Figure 1D), IL-6 (Figure 1E), and TNF-α (Figure 1F) induced by LPS were inhibited by KPT-8602. In addition, LPS-induced upregulation of NLRP3 was also blocked by KPT-8602 (Figure 1G), suggesting its inhibitory effect on the transcription of NLRP3. These results indicated that 5 μM KPT-8602 was sufficient to inhibit the expression of pro-inflammatory cytokines and NLRP3, with no obvious cytotoxicity in iBMDMs. In addition, LPS-induced transcription of NLRP3 (Figure 1H), IL-1β (Figure 1I), and TNF-α (Figure 1J) were also significantly inhibited by KPT8602 at 5 μM in PMs. Therefore, the concentration of KPT-8602 used in the subsequent study was five uM. Taken together, these results suggested that KPT-8602 effectively inhibited LPS-induced inflammation in vitro.
KPT-8602 Inhibits the Activation of the NLRP3 Inflammasome in Primary Macrophage
As KPT-8602 inhibited the transcription of NLRP3 and IL-1β, we next analyzed the effects of KPT8602 on the activation of the NLRP3 inflammasome (Figure 2A). The results displayed that the cleavage of caspase-1 and IL-1β induced by LPS and Nig were significantly reduced by KPT-8602 in PMs (Figures 2B–F). Consistently, the concentration of secreted IL-1β in the supernatants was also decreased in KPT-8602-treated PMs (Figure 2G). We then analyzed the effects of KPT-8602 on the assembly of the NLRP3 inflammasome and found that the number of ASC specks induced by LPS and Nig were significantly reduced by KPT-8602 (Figures 2H, I). In addition, the formation of ASC dimers, tetramers, and oligomers was significantly reduced by KPT-8602 as well (Figure 2J; Supplementary Figure S1). Together, these results indicate that KPT-8602 inhibited the activation of the NLRP3 inflammasome in vitro.
[image: Figure 2]FIGURE 2 | KPT-8602 inhibits the activation and assembly of the NLRP3 inflammasome in vitro. (A) Working model of the NLRP3 inflammasome activation. (B–F) PMs pretreated with LPS were treated with KPT-8602 for 30 min and nigericin (Nig) for 45 min, and the cells and supernatants were harvested for analysis of the expression of NLRP3, pro-IL-1β, pro-caspase-1, cleaved IL-1β, cleaved caspase-1, and ASC by Western blotting (B). Gray values of the pro-IL-1β (C), pro-Casp-1 (D), cleaved IL-1β (E), and cleaved Casp-1 (F) bands were analyzed by using ImageJ and were normalized to ASC. (G) PMs pretreated with LPS were treated with KPT-8602 for 30 min and nigericin (Nig) for 45 min, and the cells and supernatants were harvested for analysis of the expression of cleaved IL-1β by ELISA. (H,I) PMs pretreated with LPS were treated with KPT-8602 for 30 min and nigericin (Nig) for 45 min. Then, the cells were fixed and stained with a rabbit anti-ASC antibody and mouse anti-β-actin antibody (H), and the number of cells containing ASC specks (yellow arrows) was analyzed by ImageJ. (I) Scale bars, 20 μm for low-magnification images and 2 μm for high-magnification images, respectively. (J) PMs pretreated with LPS were treated with KPT-8602 and Nig for 45 min, and then the cells were harvested and cross-linked with disuccinimidyl suberate (DSS) for analysis of the oligomerization of ASC by Western blotting. (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001 by Student’s t test or one-way ANOVA).
KPT-8602 Exerts Anti-Inflammatory Effects by Blocking the NF-κB Pathway
To further analyze the anti-inflammatory mechanism of KPT-8602, we next investigated the role of KPT-8602 on the activation of the NF-κB signaling pathway (Figure 3A). The results revealed that KPT-8602 had no effect on the LPS-induced phosphorylation of IKKα/β. However, we found KPT-8602 significantly inhibited IKKα/β-mediated phosphorylation of IκBα in iBMDMs (Figures 3B–D). Consistently, the phosphorylation levels of IκBα induced by LPS in BV2 microglial cells were also inhibited by KPT-8602 (Figures 3E–G). The reduced phosphorylation of IκBα caused decreased degradation of IκBα (Figures 3B, E) and decreased nuclear translocation p65 in KPT-8602-treated PMs (Figures 3H, I) and iBMDMs (Figure 3J). In addition, the LPS-induced phosphorylation of p65 was blocked by KPT-8602 (Figure 3K–l). Furthermore, the NF-κB response element reporter activity was also impaired in KPT-8602-treated HEK293T cells (Figure 3M).
[image: Figure 3]FIGURE 3 | KPT-8602 inhibited LPS-induced activation of the NF-κB signaling pathway. (A) iBMDMs or BV-2 were pretreated with or without KPT-8602 (5 μM) and stimulated with LPS for 0.5 and 1 h, respectively, and then the cell lysates were collected for analysis by Western blotting (B,E). The gray values of the phosphorylated and total IKKα/β (C,F) and IκBα (D,G) bands were analyzed with ImageJ. (H,I) PMs were pretreated with KPT-8602 for 30 min and stimulated with LPS for 2 h. Then, the cells were fixed and stained with a rabbit anti-NF-κB p65 antibody and mouse anti-β-tubulin antibody (H), and the number of cells containing nuclear p65 was analyzed by ImageJ (I). Scale bars, 25 μm for low-magnification images and 2 μm for high-magnification images, respectively. (J,K) iBMDMs were pretreated with KPT-8602 for 1 h and stimulated with LPS for 2 h, and then extracts from the nucleus and cytoplasm were collected for analysis by Western blotting (J). The gray value of the phosphorylated and total p65 in the nucleus (K) and cytoplasm (L) were analyzed with ImageJ. H2B served as a nuclear protein marker; GAPDH as a cytosolic protein marker. (M) Quantitative analysis of the effect of KPT-8602 on NF-κB luciferase activity. (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001 by one-way ANOVA).
To investigate whether the knockdown of XPO1 has the same effect on the activation of the NF-κB pathway, we generated XPO1-silenced iBMDMs (Figure 4A). As suggested by the results, LPS-induced phosphorylation of IκBα was inhibited in XPO1-silenced iBMDMs. Meanwhile, no significant alteration was observed in the phosphorylation levels of IKKα/β (Figures 4B–D). We also found that the nuclear translocation of p65 induced by LPS was also impaired in XPO1-silenced PMs (Figures 4E, F). Moreover, LPS-induced transcription of IL-1β (Figure 4G), IL-6 (Figure 4H), and TNF-α (Figure 4I) was inhibited by silencing of XPO1. Taken together, the aforementioned results suggested that KPT-8602 inhibits the activation of the NF-κB pathway by blocking the phosphorylation of IκBα.
[image: Figure 4]FIGURE 4 | Silencing XPO1 inhibits NF-κB signaling pathway and exerts anti-inflammatory activity. (A) iBMDMs transfected with siRNA against XPO1 or scrambled siRNA were treated with LPS for 0.5 and 1 h, respectively, and then the cell lysates were collected for analysis by Western blotting (B). The gray values of the phosphorylated and total IKKα/β (C) and IκBα (D) bands were analyzed with ImageJ. (E,F) PMs transfected with siRNA against XPO1 or scrambled siRNA were stimulated with LPS for 2 h, and then the cells were fixed and stained with a rabbit anti-NF-κB p65 antibody and mouse anti-β-tubulin antibody (E), and the number of cells containing nuclear p65 was analyzed by ImageJ (F). Scale bars, 25 μm for low-magnification images and 2 μm for high-magnification images, respectively. (G–I) iBMDMs transfected with siRNA against XPO1 or scrambled siRNA were treated with LPS for 6 h, and then the mRNA levels of IL-1β (G), IL-6 (H), and TNF-α (I) were detected by real-time PCR. (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001 by one-way ANOVA).
KPT-8602 Suppresses LPS-Induced Systemic Inflammation In Vivo
We further evaluated the potential anti-inflammatory effect of KPT-8602 in vivo in an LPS-induced inflammation mice model (Figure 5A). We found that the LPS-induced macrophage infiltration (indicated by arrow) in the liver (Figure 5B; Supplementary Figure.3A), structural destruction (indicated by arrowheads) of the lung (Figure 5B; Supplementary figure.3B), and the kidney (Figure 5B; Supplementary Figure 3C) were attenuated by administration of KPT-8602. In addition, the LPS-induced expression of pro-inflammatory cytokines, such as IL-1β, IL-6, and iNOS, in the liver (Figure 5C) and lung (Figure 5D) were downregulated by KPT-8602 administration. Furthermore, the expression of IL-1β precursor and NLRP3, and mature IL-1β (cleaved IL-1β) in the liver was significantly inhibited by KPT-8602 (Figures 5E, F). Consistently, the level of mature IL-1β and expression of NLRP3 induced by LPS was also decreased in the lung in KPT-8602-treated mice (Supplementary Figures. 3D, E). Together, these results suggested that KPT-8602 inhibited the activation of the NF-κB pathway and the NLRP3 inflammasome in vivo.
[image: Figure 5]FIGURE 5 | KPT-8602 suppresses LPS-induced systemic inflammation. (A) C57BL/6 mice were given LPS (10 mg/kg) intraperitoneally after oral admiration of KPT-8602 (5 mg/kg) or vehicle (5 mice per group). (B) Representative photomicrographs of paraffin-embedded sections of the liver, lung, and kidney tissues stained with H&E. Scale bars, 250 μm for images, respectively. The expression levels of IL-1β, IL-6, and iNOS in the liver (C) and lung (D) were detected by real-time PCR. The expression of NLRP3, pro-caspase-1, pro-IL-1β, cleaved caspase-1, cleaved-IL-1β, and β-actin in the liver was analyzed by Western blotting (E), and the gray values of their bands were analyzed by using ImageJ and were normalized to β-actin (F). (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001 by one-way ANOVA).
KPT-8602 Ameliorates MPTP-Induced Dopaminergic Neuron Loss and Microglial Activation
In this section, we investigated the potential effect of KPT-8602 in inhibiting neuroinflammation and attenuating neurodegeneration in the MPTP-induced PD mouse model (Al-Bachari et al., 2020) (Figure 6A). In the rotarod test, KPT-8602 administration attenuated locomotor incoordination caused by MPTP (Figures 6B, C). KPT-8602 also significantly increased the number of tyrosine hydroxylase (TH)-positive cells in the substantia nigra compacta (SNc) (Figures 6D, E), and increased TH expression in the SNc and striatum (Figures 6F–H), suggesting KPT-8602 protected dopaminergic neurons against MPTP-induced cell death.
[image: Figure 6]FIGURE 6 | KPT-8602 ameliorates PD model mice severity. C57BL/6 mice were treated with saline or MPTP (four i.p. injections of 20 mg/kg at 2 h intervals). KPT8602 (5 mg/kg) or vehicle were administered daily (7 mice per group). (A) Schedule of the PD model establishment and administration of KPT-8602. (B,C) Latency of the indicated mice on the rotarod. (D) Representative photomicrographs of tyrosine hydroxylase (TH)-stained sections from the substantia nigra compacta (SNc) of mice brain. Scale bars, 500 μm for images, respectively. (E) Number of TH-positive neurons was analyzed by ImageJ. The expression of TH and β-actin protein was analyzed by Western blotting (F), and the gray value of their bands in the SNc (G) and striatum (H) were analyzed by ImageJ. (* indicates p < 0.05, ** indicates p < 0.01 by one-way ANOVA).
To determine the role of microglia and the NLRP3 inflammasome activation in this process in the SNc, we co-stained TH and ASC with microglia indicated by ionized calcium-binding adaptor molecule 1 (Iba1). KPT-8602 administration caused a reduced number of amoeboid-like microglia (Figures 7A, B) and ASC speck (Figures 7A, C) in the SNc of the PD mice model. Consistent with this result, the expression of IL-1β, IL-6, and TNF-α in the SNc area was also reduced in the KPT-8602-treated PD mice model (Figure 7D). Consistently, MPTP-induced activation of caspase-1 cleavage and maturation of IL-1β were also ameliorated by KPT-8602 (Figures 7E, F). Taken together, these results demonstrated that KPT-8602 demonstrated neuroprotective effects against MPTP-induced dopaminergic neuron loss and the NLRP3 inflammasome activation in vivo.
[image: Figure 7]FIGURE 7 | KPT-8602 inhibits activation of the NLRP3 inflammasome in vivo. (A) Substantia nigra compacta from PD mice administered KPT-8602 or vehicle were stained with an anti-Iba-1 and anti-ASC antibody to evaluate the activation of microglia and the NLRP3 inflammasome (5 mice per group). The number of Iba-1-positive cells (B) and ASC specks (C) was analyzed by ImageJ. Scale bars, 100 μm for low-magnification images and 50 μm for high-magnification images, respectively. (D) Expression levels of IL-1β, IL-6, and TNF-α in the SNc were detected by real-time PCR. The expression of Iba-1, pro-caspase-1, pro-IL-1β, cleaved caspase-1, cleaved-IL-1β, ASC, and β-actin in the SNc was analyzed by Western blotting (E), and the gray value of their bands was analyzed by ImageJ (F). (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 by one-way ANOVA).
DISCUSSION
In this study, we demonstrate that KPT-8602 exhibits a strong anti-inflammatory effect by blocking the NF-κB pathway and the NLRP3 inflammasome. More importantly, KPT-8602 had significant therapeutic effects on LPS-induced systemic inflammation and MPTP-induced PD in mice. This finding may provide new therapeutic approaches for NF-κB and NLRP3-driven diseases and suggests that KPT-8602 can be used to treat inflammatory diseases in addition to cancer.
Our results indicated that KPT-8602 was identified to block the activation of the NLRP3 inflammasome by inhibiting the NF-κB pathway. The NF-κB pathway is considered the “priming” signal for the NLRP3 inflammasome activation (Zheng et al., 2020). The classical activation of NF-κB is dependent on the phosphorylation of IκBα and p65, followed by degradation of IκBα and nuclear translocation of p65 (Fu et al., 2021). Here, we found that upon the stimulation with LPS, cells pretreated with KPT-8602 displayed decreased phosphorylation of IκBα and p65, especially the phosphorylation and translocation of p65. One possible mechanism is that KPT-8602 might inhibit the expression of XPO1 and thereby reduces the nuclear import of p65. It has been reported that inhibition of the nuclear exporting activity of XPO1 causes the accumulation of p65 in the nuclear (Kashyap et al., 2016). In our result, however, no accumulation of p65 in nuclear was observed in KPT-8602-treated cells and XPO1-silenced cells. This difference was potentially caused by different mechanisms of different inhibitors of XPO1. In addition, we found that cells treated with KPT-8602 displayed a lower level of phosphorylated IκBα, indicating that XPO1 was involved in the process of IKKα/β-mediated phosphorylation of IκBα. However, the mechanism of KPT-8602 in regulating inflammasome is unclear. It is well known that upregulation of NLPR3 and pro-IL-1β is the “priming” signal for the inflammasome activation (Sutterwala et al., 2014). Our results demonstrated that KPT-8602 could directly suppress the transcription of NLRP3 and pro-IL-1β, impeded the assembly of the NLRP3 inflammasome, and thereby decreased the release of mature cytokines.
Increasing evidence indicates that the activation of the NF-κB pathway and the NLRP3 inflammasome is widely involved in different diseases, such as colitis, diabetes, and COVID-19 infection-induced pneumonia in the peripheral tissue (Wang et al., 2018; An et al., 2019; Xian et al., 2021). Aberrant activation of the NLRP3 inflammasome is also involved in the development of several neurodegenerative disorders, such as PD, Alzheimer’s disease (AD), and multiple sclerosis (Heneka et al., 2013; Haque et al., 2020; Malhotra et al., 2020). The inhibition of NLRP3 inflammasomes ameliorates the clinical and pathological symptoms of these diseases (Martinon et al., 2006; Duewell et al., 2010; Heneka et al., 2013; Lee et al., 2013; Wang et al., 2019; Pan et al., 2021). However, only a few NLRP3-selective inhibitors are identified up to date, and most of these inhibitors are not available for clinical use (Coll et al., 2015; Jiang et al., 2017; He et al., 2018; Huang et al., 2018). Therefore, new drug development targeting the NF-κB signaling pathway and NLRP3 inflammasome potentially provides a new therapeutic avenue for the treatment of such diseases.
Herein, we demonstrated that KPT-8602 inhibited the activation of the NF-κB pathway and the NLRP3 inflammasome in vitro. Most importantly, KPT-8602 protected peripheral tissue injury against LPS-induced systemic inflammation and ameliorated CNS neuronal cell death and neuroinflammation induced by MPTP in vivo, suggesting that KPT-8602 was a promising candidate for the clinical treatment of inflammation-associated disease in the peripheral system and CNS. KPT-8602 is a second-generation XPO1-selective inhibitor, and recent studies suggest that XPO1 is involved in a variety of neurological and neuromuscular diseases (Hightower et al., 2020). Inhibition of XPO1 by KPT-350 increases the expression of neuroprotectant proteins and reduces the inflammatory response, leading to improved recovery of motor functions after TBI (Tajiri et al., 2016). Moreover, KPT-8602 is distinctly different from other XPO1 inhibitors due to its poor blood–brain barrier (BBB) permeability. This feature limits its toxicity and anti-inflammatory effects in the CNS. However, when the integrity of BBB is compromised due to diseases such as PD, AD, and stroke, the application of KPT-8602 in the treatment of such diseases is viable (Al-Bachari et al., 2020; Liao et al., 2020). Therefore, our results suggest that KPT-8602 can be used as a potential anti-inflammatory agent in the treatment of a variety of neurodegenerative diseases.
In conclusion, our study suggests that KPT-8602 could be used as an anti-inflammation agent by inhibiting the activation of the NF-κB pathway and the NLRP3 inflammasome. Mechanically, inhibition of XPO1 by KPT-8602 impaired IKKα/β-mediated phosphorylation of IκBα and thereafter decreased the nuclear translocation of p65. In addition, both LPS-induced peripheral inflammation and MPTP-induced neuroinflammation were attenuated by the administration of KPT-8602. Given the pivotal role of the NF-κB pathway and the NLRP3 inflammasome in the pathogenesis of PD, KPT-8602 was suggested to be a promising drug for the clinical treatment of such diseases.
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Aloperine is an anti-inflammatory compound isolated from the Chinese herb Sophora alopecuroides L. Previously, our group has reported that the generation of induced Treg was promoted by aloperine treatment in a mouse colitis model. However, the effect of aloperine on effector T cell subsets remains unclear. We therefore carefully examined the effect of aloperine on the differentiation of major subsets of T helper cells. Based on our results, psoriasis, a Th17 dominant skin disease, is selected to explore the potential therapeutic effect of aloperine in vivo. Herein, we demonstrated that topical application of aloperine suppressed epidermal proliferation, erythema, and infiltration of inflammatory cells in skin lesions. Mechanistic studies revealed that aloperine suppressed the differentiation of Th17 cells directly through inhibiting the phosphorylation of STAT3 or indirectly through impairing the secretion of Th17-promoting cytokines by dendritic cells. Moreover, aloperine enhanced the conversion of Th17 into Treg via altering the pSTAT3/pSTAT5 ratio. Collectively, our study supported that aloperine possesses the capacity to affect Th17 differentiation and modulates Th17/Treg balance, thereby alleviating imiquimod (IMQ)-induced psoriasis in mice.
Keywords: Psoriasis, Aloperine, Th17 differentiation, Th17 to Treg conversion, STAT3/STAT5 pathway
INTRODUCTION
CD4+ T helper cells play a pivotal role in the adaptive immune reaction associated with immune defense, immune surveillance, and immune homeostasis. These various functions are achieved through the differentiation of a variety of effector subsets, including Th1, Th2, Th17, follicular helper T cells (Tfh), and regulatory T cells (Treg) (Zhu and Paul, 2008). Upon interaction with the cognate antigen presented by antigen-presenting cells such as dendritic cells (DCs) in the periphery, CD4+ naïve T cells undergo a process of massive proliferation and differentiation into the distinct helper T cell subsets. The process of CD4+ T cell differentiation decision is governed predominantly by the cytokines in the microenvironment and the strength of the interaction of the T cell antigen receptor with the antigen. Many complex inflammatory diseases are caused by the disorder of these processes, such as type 1 diabetes, psoriasis, asthma, and so on (Sun et al., 2021; Yue et al., 2021). Although many therapies including glucocorticoids and immunomodulators are used in clinics, the development of novel, safe, and effective agents that target CD4+ T cells for treatment is further needed.
Aloperine is a kind of quinolizidine alkaloid extracted from Sophora alopecuroides L., which has been used effectively in the treatment of various clinical disorders, such as dysentery, eczema, furuncle, and other skin inflammatory diseases (Wang et al., 2020). Recent studies including our own revealed that aloperine possesses the bioactivities against cancer, viral infection, oxidative stress, cardiovascular and neurological diseases (Wang et al., 2015; Hu et al., 2016; Fu et al., 2017; Ling et al., 2018; Zhang et al., 2018; Zhao et al., 2018; Chang et al., 2019; Li et al., 2020). Accumulating evidence shows that the clinical effects of the natural plant alkaloid are related to the up- or down-regulation of immune responses (Feng et al., 2006; Furusawa and Wu, 2007). Previously, our group demonstrated that oral administration of aloperine protects the mice against DSS-induced colitis through promoting Treg differentiation and activation (Fu et al., 2017). Thus, the effect of aloperine on the CD4+ T cell differentiation pattern catches our attention.
Psoriasis is a common chronic inflammatory skin disease characterized by the keratinocyte abnormal proliferation and differentiation, dermal blood vessel hyperplasia, and massive inflammatory infiltration (Mak et al., 2009; Lowes et al., 2014). According to epidemiologic survey, the morbidity rate of psoriasis in Asia is below 0.5%, while it is estimated to affect about 2–4% of the population in Western countries (Parisi et al., 2013; Boehncke, 2015). Psoriasis not only is a skin disease but also causes systemic disorders, such as psoriatic arthritis, cardiovascular disease, metabolic syndrome, and so on, which together contribute to a reduced quality of life and represent a mental stress on individuals and considerable economic burden on families and the society (Takeshita et al., 2017). Although the exact etiology of psoriasis is not fully understood, extensive studies have demonstrated it as a multifactorial disease.
As an immune-mediated disease, both innate and adaptive immune cells are involved in the pathogenesis of psoriasis, including different T-cell types such as Th17 cells, Th1 cells and Treg, dermal dendritic cells, macrophages, neutrophils, and natural killer cells (Deng et al., 2016). Robust evidence accumulated in the past years has shown that the IL-23/Th17 axis is central to the psoriatic pathology (Lowes et al., 2013; Girolomoni et al., 2017; Puig, 2017; Conrad and Gilliet, 2018). It is believed that trauma and infection can activate skin-resident dendritic cells and macrophages to produce IL-6, IL-23, and IL-12, which stimulate the maturation of Th17 and Th1 cells, respectively. IL-23 from inflammatory DCs has a great role in the amplification, activation, and pathogenic conversion of Th17 cells (Schirmer et al., 2010). Subsequent secretions of inflammatory cytokines, such as IL-17, IL-22, TNF-α, IFN-γ, and vascular endothelial growth factor (VEGF), stimulate keratinocyte proliferation and angiogenesis, which have important roles both in disease development and progression. On one hand, IL-17A stimulates keratinocyte proliferation and endothelial expression of P-selectins, E-selectins, and integrin ligands, including ICAM-1 and VCAM-1, to enhance neutrophil mobilization. On the other hand, activated keratinocytes produce large amounts of chemokines and antimicrobial peptides, which would in turn promote Th17 cell recruitment and produce more IL-17, resulting in a positive feedback loop that perpetuates the inflammatory response of psoriasis.
Currently, there is no cure for the spectrum of psoriatic diseases. By targeting the cytokine and immune networks in psoriasis, researchers have developed various therapeutic options, including topical agents (such as corticosteroids) and systemic immunosuppressive agents (such as methotrexate and cyclosporine). However, those current medications may have severe side effects, especially the high risk of infection. Thus, better and safer drugs and therapeutic strategies need to be developed. Previously, our group identified the role of aloperine in Treg induction and colitis treatment. In this study, we further revealed that the administration of aloperine modulates Th17/Treg balance by targeting the STAT3/STAT5 signaling pathway and/or indirectly through affecting the recruitment and activation of antigen-presenting cells in psoriatic skin lesions, which render it to be a potential candidate drug to psoriasis in clinical settings.
MATERIALS AND METHODS
Animals
Healthy male C57BL/6 mice (8–10 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were bred at the Tongji Medical College and maintained under SPF conditions for at least 1 week before any experiment. All animal studies were approved by the Animal Care and Use Committee in Tongji Hospital (TJH-201612001).
Psoriasis Model and Aloperine Treatment
Aloperine (Shanghai Yuan-ye Bio-Technology Co., Ltd.) was made of 2% cream by mixing in the emollient cream vehicle. Imiquimod (IMQ) cream was purchased from Sichuan Mingxin Pharmaceutical. Twenty mice were randomly divided into the treatment group (2% aloperine + imiquimod) and vehicle control group (vehicle + imiquimod). The mice were shaved on the back, and then subjected to 5% Aldara (a brand of IMQ) at a dose of 62.5 mg daily on the back skin for 5 consecutive days, and aloperine or vehicle cream was administered at the same time or after the psoriasis model was established.
Scoring of Psoriatic Skin Inflammation
The severity of inflammation of the back skin was evaluated by an objective scoring system, which was based on the Psoriasis Area and Severity Index (PASI). Erythema, scaling, and anabrosis were scored independently from 0 to 4 as follows: 0, none; 1, slight; 2, moderate; 3, marked; and 4, very marked. The cumulative score (erythema plus scaling plus thickening) was served to indicate the severity of inflammation (scale 0–12).
Histological Analysis
The skin tissue samples were collected and fixed in 4% paraformaldehyde for 24 h at room temperature and embedded in paraffin. The 4-µm sections were subjected to hematoxylin and eosin (H&E) staining as previously described. Similarly, partial sections were stained with the Ki-67 antibody, and developed by 3,3'-diaminobenzidine as reported (Yue et al., 2021).
Mouse Naïve CD4+ T-Cell Isolation and Differentiation
CD4+CD44lowCD62Lhigh naïve T-cells were extracted from spleens and lymph nodes of 10-week-old C57BL/6 male mice with a mouse naïve CD4+ T-cell isolation kit (catalog number 19782, STEMCELL Technologies EasySep™, CA, United States), and the purity of isolated cells was >90%. The isolated naïve CD4+ T-cells were seeded into culture wells coated with 10 μg/ml anti-CD3 and 10 μg/ml anti-CD28 in sterile phosphate-buffered saline (PBS) and incubated overnight at 4°C. Furthermore, different subsets were differentiated by Th1, Th2, and Th17 polarizing conditions with or without aloperine (10 nM). For the Th1 cells, naïve T-cells were incubated with 10 ng/ml IL-2 (eBioscience, San Diego, CA, United States), 10 ng/ml IL-12 (eBioscience, San Diego, CA, United States), and 10 µg/ml anti-IL-4. For the Th2 cells, naïve T-cells were incubated with 10 ng/ml IL-4 (#214–14) and 10 µg/ml anti-IFN-γ. For the Th17 cells, naïve T-cells were incubated with 10 ng/ml IL-1β, 10 ng/ml IL-6, 10 ng/ml IL-23, 2.5 ng/ml TGF-β, 10 µg/ml anti-IL-4, and 10 µg/ml anti-IFN-γ. For the Th17 cell conversion experiment, Th17 cells were differentiated as described above, and, the medium was then replaced with the Treg differentiation cytokine cocktail after washing three times on day 3 and incubated for 2 days. The cells were next subjected to flow cytometry analysis.
Flow Cytometry Analysis
Single-cell suspensions were prepared from the spleens, skin tissues, and exudates or recovered from cell cultures. The isolated skin tissues were digested with collagenase D (Roche Applied Science) solution (400 U/ml) for 4–6 h at 37°C with periodic agitation. Ethylenediaminetetraacetic acid (10 mM final concentration) was added to the collagenase-digested cells for 1 min and then quenched with cold PBS. The cells were stained with the indicated fluorescently labeled antibodies at 4°C in the dark for 30 min and then washed with fluorescence advanced cell sorting buffer (2% bovine serum albumin in PBS). Detection of intracellular molecules was performed; the cells were permeabilized and stained intracellularly as previously described (Zhong et al., 2014). Flow cytometric measurements were performed with an LSR Fortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States), and FlowJo software was used for the subsequent data analysis as instructed. The PerCP-conjugated antimouse CD45 (#103130), FITC-conjugated antimouse CD4 (#100406), PE-conjugated antimouse CD44 (#103036), APC-conjugated antimouse CD62L (#104412), PE-conjugated antimouse CD11b (#101207), APC-conjugated antimouse CD11C (#117310), PE-conjugated antimouse LY6G (#127607), APC/Cy7-conjugated antimouse Ly6C (#128026), FITC-conjugated antimouse F4/80 (#123108), PE/Cy7-conjugated antimouse IFN-γ (#505826), APC-conjugated antimouse IL-4 (#504106), APC-conjugated antimouse IL-17A (#506916), PE-conjugated antimouse IL-17 (#506904), and Alexa Fluor®647-conjugated antimouse Foxp3 (#126408) antibodies were purchased from BioLegend (San Diego, CA, United States).
Western-Blot Analysis
Western-blot assays were performed as described previously (He et al., 2018). Briefly, the prepared cell samples were lysed and then separated on 10% (vol/vol) polyacrylamide gels and transferred onto PVDF membranes. The membrane was probed with antibodies (1: 1000 dilution) including P-STAT3, RORγt, P-STAT5 (Cell Signaling Technology, Danvers, MA, United States), and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, United States), followed by probing to the corresponding horseradish peroxidase-conjugated secondary antibody, respectively. The reactive bands were developed using the established techniques (Yao et al., 2016). The intensity of each band was analyzed using the densitometry feature in the ImageJ software.
Quantitative RT-PCR Analysis
The part of injured skin tissues and spleens or culture cells were collected and subjected to RNA isolation using the Trizol™ reagent (Takara, Japan) as instructed. For the syntheses of complementary DNA, an aliquot containing 1 μg of total RNA was reverse-transcribed using a cDNA synthesis kit (Takara, Japan). Real-time polymerase chain reaction (PCR) was performed using the SYBR Green PCR master mix (Applied Biosystems, South San Francisco, CA, United States) in an ABI Prism 7500 Sequence Detection System (Applied Biosystems, South San Francisco, United States). The β-actin gene was used as a reference to normalize the data, and the PCR primers used for PCR amplification are listed in Table 1. The relative quantitative levels for each of target genes were analyzed using the 2−ΔΔCT method as previously reported (Fu et al., 2017).
TABLE 1 | Primers used for the real-time PCR.
[image: Table 1]Air Pouch Model
The air pouch model was created according to the previous studies (Gaspar et al., 2014). Ten mice, whose back sides were cautiously shaved to clean the area, were randomly allocated into two groups: the LPS + PBS group and LPS + aloperine group. Dermal air pouches were generated by injecting the mice on dorsal sites with 3 ml of filtered air (0.20 µm filter) on day 0, and another 3 ml of sterile air was injected on day 3 for re-expansion. On day 6, 1 ml of sterile saline solution containing 10 ng/ml LPS (Sigma, St. Louis, United States) with or without aloperine (4 mg/ml) was injected into the preformed air pouches in mice from the LPS + PBS group and LPS + aloperine group, respectively. Twelve hours later, the exudates of the pouches were collected after injection of 1 ml of saline solution containing 20 U/ml heparin and 2% fetal calf serum (FCS), followed by 1 min of gentle massage. This procedure was repeated twice, and the total collections were washed with cold PBS and centrifuged (5 min, 300 g), followed by suspending with PBS. The number of cells in the pouch fluid samples was determined using a hemocytometer. In addition, different cell types of inflammatory exudates were subjected to flow cytometry analysis as above.
Activation of BMDC and Supernatant Transfer
Bone marrow-derived dendritic cells (BMDCs) were generated from C57BL/6 mice (8–10 weeks old) as previously described (Zhong et al., 2010). Briefly, the mice were sacrificed, and the bone marrow cells were flushed out from the femurs and tibias and then treated with ACK lysis buffer. Pooled cells were suspended to 2 × 106/ml and cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, 50 μM mercaptoethanol, 10 mM N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid, recombinant murine granulocyte macrophage colony stimulating factor (GM-CSF) (10 ng/ml), and interleukin (IL)-4 (10 ng/ml) (#214–14) at 37°C in 5% CO2 atmosphere. The nonadherent cells were discarded after 48 h of culture, and the adherent cells were cultured with a fresh medium containing rmGM-CSF and IL-4 on alternative days. On day 7, 100 ng/ml LPS (Sigma, St. Louis, United States) was added for 12 h to induce the activation of BMDCs with or without pretreatment of aloperine (10 nM) for 1 h. The cells were next subjected to analysis of RT-PCR, western blotting, and flow cytometry. For supernatant transfer, the LPS + PBS- or LPS + aloperine-treated BMDCs were washed and cultured in the fresh complete medium for another 24 h. Then, the supernatants were collected to culture the CD4+ T-cells in the presence of TCR stimulation. The CD4+ T-cells were harvested for the RT-PCR analysis 48 h later.
Statistical Analysis
All in vitro experiments were based on at least three independent biological replications.
An independent Student’s t-test was used to examine the significant differences between the two groups. Statistical analysis of the data was performed using the GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, United States), and the results were expressed as the mean ± standard error of the mean (SEM). For all statistics, a p value <0.05 was regarded as statistically significant.
RESULTS
Topical Application of Aloperine Ameliorates Psoriasis Induced by IMQ
First of all, we examined the therapeutic effect of aloperine on psoriasis, a skin lesion predominantly mediated by the CD4+ T-cells. To this end, we applied IMQ on the shaved back skin of B6 mice with or without 2% aloperine cream once per day for 5 consecutive days (Chuang et al., 2018). All the mice in the control group manifested significant general skin symptoms, including erythema, silver plaques, and anabrosis after 7 days (Figure 1A). Remarkably, topical application of 2% aloperine cream significantly ameliorated pathological situations of skin lesions when compared with the control group (Figure 1A). In addition, as a marker of severity in psoriasis, the mice treated with aloperine exhibited lower average PASI scores than the control group (Figure 1B).
[image: Figure 1]FIGURE 1 | Topical application of aloperine ameliorates psoriasis induced by IMQ. (A) Representative presentation of the back skin at day 7 of the IMQ treatment. (B) The severity was graded by a modified PASI. (C) Histological analysis of the mouse back skin by H&E staining. (D) Histological analysis of IHC staining for Ki-67. Corresponding quantification analyses of epidermal thickness and positive proliferation cells were carried out as described. The values are presented as the mean ± SEM (n = 10 mice per group). ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
To further confirm the above data, histological analysis was next conducted. In comparison to the control group, H&E staining of the skin lesion originating from the aloperine treatment group manifested a significantly lower thickness of the epidermis layer along with the attenuated IMQ-induced psoriasis (Figure 1C). In terms of Ki-67 immunohistochemistry staining, fewer positive cells with brown particles were observed in the basal layer cells of the lesion skin in the aloperine groups (Figure 1D). Additionally, we tested the effect of aloperine on the already established psoriasis to determine whether it has potential to serve as a therapeutic agent. The mouse model of psoriatic dermatitis was first induced by IMQ. Then, the mice received aloperine or control cream (Supplementary Figure S1A). The results showed that aloperine significantly alleviated the skin damage compared to control treatment (Supplementary Figures S1B–D). Furthermore, aloperine suppressed the local immune response (Supplementary Figures S2A,B), which was consistent with the results presented above. Altogether, these results suggested that aloperine treatment ameliorated IMQ-induced psoriatic skin injury in mice.
Aloperine Inhibits the Activation of DCs
Previous studies have reported that specialized APC subsets of the dermal dendritic cells are important in the initiation and development of psoriatic skin inflammation (Xiao et al., 2017; Wang and Bai, 2020). Also, aloperine has been recognized as a potent anti-inflammatory drug. We thus tested whether aloperine could affect the activation of the dendritic cells, thereby reducing cytokine secretion, especially IL-6 and IL-23, to reduce Th17 differentiation and proliferation indirectly for the improved skin local inflammatory environment. In view of this, we first examined the frequency and activation state of DCs among CD45+ cells in the skin lesion. We observed a decreased DC population along with reduced activation markers (CD80, CD86, MHC-Ⅱ) in the aloperine group (Figures 2A–D). In line with the in vivo data, we then checked the effect of aloperine on the activation of DCs in vitro. As shown in Figures 2E–G, the expressions of CD80, CD86, and MHC-Ⅱ were significantly decreased upon aloperine treatment. Moreover, aloperine reduced the expression of IL-1β, IL-6, IL-23, and TNF-α in BMDCs (Figure 2H). These findings suggest that aloperine plays a crucial role in preventing the activation of skin DCs, which leads to a microenvironment disfavoring Th17 development.
[image: Figure 2]FIGURE 2 | Aloperine inhibits the activation of DCs. (A) The proportion of CD11C+ DCs among CD45+ cells in the skin lesion. (B–D) Mean Fluorescence Intensity (MFI) analysis of the expression of CD80, CD86, and MHC-Ⅱ on skin DCs. (E–G) MFI analysis of the expression of CD80, CD86, and MHC-Ⅱ in in vitro differentiated BMDCs. (H) Real-time PCR analysis of cytokine expression (IL-1β, IL-6, IL-23, and TNF-α) in DCs. The data are shown as the mean ± SEM from three independent experiments. ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
Aloperine Inhibits the Migration and Th17-Inducing Effect of DCs
An important characteristic for psoriasis is the accumulation of myeloid cells, including neutrophils, macrophages, and DCs (Schön et al., 2017; Han et al., 2020; McGinley et al., 2020). Thus, we were interested in whether aloperine would have an effect on the migration of myeloid cells. An air pouch inflammatory model in mice is considered a useful and convenient experiment in vivo for determining the anti-inflammatory activity of the testing compounds (Vandooren et al., 2013; Gaspar et al., 2014). A general outline of the method used is shown in Figure 3A. As expected, aloperine decreased the total number of inflammatory cells in the exudate induced by LPS (Figure 3B). Surprisingly, the neutrophil infiltration was comparable between the groups, suggesting that the decreased neutrophil cellularity in psoriatic lesions might be a result of aloperine-mediated Th17 cell inhibition (Figure 3C). In contrast, the trafficking of antigen-presenting cells, DCs in particular, was significantly decreased in the aloperine treatment group (Figures 3D,E).
[image: Figure 3]FIGURE 3 | Aloperine inhibits the migration and Th17-inducing effect of DCs. (A) A graphical presentation of the air pouch model. On the first day, 3 ml of sterile air was injected subcutaneously into a shaved skin site on the back of each mice. Then, the pouches were settled for 3 days to heal the wound. On the third day, this action was repeated. On the sixth day, LPS was injected into the pouches with or without aloperine. The exudates were collected for subsequent analysis 24 h later. (B) Quantitative analysis of total cell numbers in the skin. (C–E) Representative flow cytometry analysis of neutrophils (CD11b+MHC-II−Ly6G+Ly6C−), macrophages (CD11b+F4/80+), and DCs (CD11c+F4/80−). (F) Western-blot analysis for p-P65 and β-actin. (G) Real-time PCR analysis of IL-17A, IL-23, and RORγt in CD4+ T-cells receiving DC cultural supernatant pretreated by LPS + PBS or LPS + aloperine. The values are presented as the mean ± SEM (n = 5 mice per group). ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
Furthermore, we demonstrated a decreased phosphorylation level of P65 after aloperine treatment (Figure 3F), implying that aloperine could inhibit the NF-κB signaling pathway. By supernatant transfer and subsequent RT-PCR analysis, we showed that mRNA levels for the Th17-associated molecules including IL-17A, IL-23, and RORγt were decreased in the CD4+ T-cells receiving the supernatant of DCs pretreated by aloperine (Figure 3G). Altogether, these findings support that aloperine could suppress local inflammation in psoriatic skin lesions through inhibiting the migration, activation, and Th17-inducing capacity of the DCs.
Aloperine Decreases the Th17/Treg Ratio in the Psoriasis-like Lesions
To understand the effect of aloperine on the CD4+ T-cells, a single-tissue cell suspension was made from the skin lesion by the digestion of collagenase and hyaluronidase for flow cytometry analysis when the mice were sacrificed. In comparison to the vehicle control group, aloperine significantly decreased the infiltration of CD4+ and CD8+ T-cells (Figure 4A), indicating a reduced adaptive immune response. Furthermore, the frequencies of IL-17+ Th17 cells were substantially decreased in the aloperine treatment group (Figure 4B), while IFN-γ+ Th1 cells displayed no perceptible difference (Figure 4C). On the contrary, as shown in (Figure 4D), the Treg cells were significantly increased in the aloperine treatment group.
[image: Figure 4]FIGURE 4 | Aloperine decreases the Th17/Treg ratio in the psoriasis-like lesions. (A–D) Flow cytometry analysis for CD4, CD8, Th1, Th17, and Treg cells in the skin lesions. (E) Real-time PCR analysis of IL-17A, IL-23, IL-6, RORγt, Foxp3, and IL-10. The values are presented as the mean ± SEM (n = 8 mice per group). ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
RT-PCR was next performed to determine the mRNA levels of cytokines and key transcription factors for Th17 and Treg in the skin lesions. Consistent with the flow cytometry results, the levels of IL-17A, IL-23, IL-6, IFN-γ, and RORγt mRNA in the skin lesions were significantly lower than that in vehicle control mice. In contrast, aloperine markedly increased IL-10 and Foxp3 mRNA levels, the characteristic of immunomodulatory Tregs (Figure 4E). Taken together, aloperine treatment decreased the Th17/Treg ratio in skin lesions, thereby alleviating immune-mediated pathology in the psoriasis induced by IMQ.
Aloperine Directly Affects Th17 In Vitro Differentiation Via Inhibiting the STAT3 Signalling
In our previous study, we confirmed that aloperine promoted Treg differentiation and activation through suppressing the PI3K/Akt/mTOR signaling pathway both in vivo and in vitro (Fu et al., 2017). This phenomenon raised our interest to further examine the effects of aloperine on the CD4+ T-cell differentiation. To address this issue, naïve CD4+ T-cells isolated from WT B6 mice were differentiated toward specific effector populations in the presence of cytokine cocktails and α-CD3/α-CD28 with or without aloperine as described, including Th1, Th2, and Th17 subsets. Apparently, our flow cytometry analysis showed that no change in CD4+ IFN-γ+ Th1 cell frequency was observed after aloperine treatment (Figure 5A). On the contrary, treatment of aloperine resulted in a moderate increase in the IL-4+ Th2 cells when compared with the control (Figure 5B). Interestingly, aloperine was able to promote a significant decrease in the CD4+ IL-17A+ Th17 cell frequencies (Figure 5C).
[image: Figure 5]FIGURE 5 | Aloperine directly affects Th17 in vitro differentiation by inhibiting the STAT3 signalling. (A–C) IFN-γ+ Th1, IL-4+ Th2, and IL-17A+ Th17 polarizing efficiency were analyzed by flow cytometry. (D) The levels of RORγt and phosphorylated STAT3 were assessed by western blotting. The results were from three independent experiments. The values are presented as the mean ± SEM. ∗p < 0 05; ∗∗p < 0.01; ∗∗∗p < 0.001; and ns, p ≥ 0.05.
Accumulative evidence has shown that the JAK/STAT signaling pathways are essential for the differentiation of Th17 cells. In particular, the phosphorylation of STAT3 is important for the expression of RORγt, which is a key transcription factor in the process of Th17 differentiation, by TGF-β in combination with IL-6 and IL-23. To dissect the mechanism by which aloperine treatment impairs the Th17 program, we examined the phosphorylation of STAT3 by western blotting. Our results showed that aloperine markedly inhibited the phosphorylation of STAT3 and the expression of RORγt under the Th17-polarizing conditions (Figure 5D). Collectively, these results indicate that aloperine not only promotes Treg differentiation but also directly impedes the Th17 polarizing program through inhibiting the phosphorylation of STAT3.
Aloperine Facilitates the Conversion of Th17 to Treg
It is well known that Treg is important in the regulation of the local inflammatory environment (Zhang et al., 2016). We showed that the frequencies of Treg were significantly increased in the aloperine treatment group, while the origin for the increased Treg is of great interest to us. Given the fact that Th17 to Treg conversion occurs in animals and humans, we check if aloperine could promote the conversion of Th17 cells into Treg (Obermajer et al., 2014). Interestingly, a significant number of Foxp3/IL-17A double positive cells and Foxp3 single positive cells were observed in the aloperine (plus IL-2 and TGF-β)-treated Th17 cells (Figure 6A). However, the frequencies of IL-17A-positive cells were decreased by aloperine. Moreover, western blot analysis showed that the phosphorylation of STAT5 was significantly increased in the aloperine group, but the level of phosphorylated STAT3 was decreased (Figure 6B). In addition, RT-PCR revealed that the expression of Foxp3 was increased, while IL-17A and RORγt were decreased in the aloperine-treated Th17 cells (Figure 6C). This could explain the lower frequency of Th17 cells and the higher proportion of Treg in the aloperine group during the progressive phase of the disease. In all, these findings indicate that aloperine plays a role in the conversion of Th17 into Treg through tipping the balance of pSTAT5 and pSTAT3.
[image: Figure 6]FIGURE 6 | Aloperine facilitates the conversion of Th17 to Treg. (A) Flow cytometry analysis of the conversion of Th17 into Treg. (B) Western-blot analysis was conducted to assess the influence of aloperine in the phosphorylation of STAT5 and STAT3. (C) Real-time PCR analysis of IL-17A, RORγt, and Foxp3 in Th17 cells following 48 h of Treg polarization conditions with or without aloperine. The results were from three independent experiments. The values are presented as the mean ± SEM. ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001.
DISCUSSION
Aloperine is a natural quinolizidine alkaloid extracted from Sophora alopecuroides L., and has been used as an effective therapy in the treatment of inflammatory diseases, such as colitis and ischemia-reperfusion-induced renal injury (Hu et al., 2016). Nevertheless, the detailed mechanism underlying the immune-regulatory role of aloperine is poorly understood. In this study, we sought to investigate the multifaceted effect of aloperine on the Th17 program. Major discoveries in this study are summarized below (Figure 7). First, our data suggested that aloperine exerts suppressive effects on DCs by inhibiting their migration, activation, and cytokine secretion, especially those related to Th17 polarization. Western-blot results indicated that aloperine could inhibit the NF-κB signaling pathway in DC, which is consistent with the previous reports (Ye et al., 2020; Hu et al., 2021). Moreover, as far as we know, we provided the first panorama clarifying the effect of aloperine on the CD4+ T-cell differentiation. The results demonstrated that aloperine administration has no effect on CD4+IFNγ+ Th1 differentiation, and moderately increases the CD4+IL-4+ Th2 subset, but significantly impairs CD4+IL-17A+ Th17 differentiation. Mechanistically, aloperine inhibits the phosphorylation of STAT3, which is essential for the polarization of Th17 cells. Previously, we demonstrated that aloperine promotes Treg differentiation via suppressing the PI3K/Akt/mTOR signaling pathway. Based on these data, we conclude that aloperine alleviates inflammatory response partially by modulating the CD4+ T-cell differentiation. Intriguingly, aloperine directly promotes the trans-differentiation of Th17 into Treg by tipping the balance of pSTAT5 and pSTAT3, which implies a more flexible and subtle effect on the adaptive immune response that aloperine confers. In combination with our previous publication on Treg differentiation (Fu et al., 2017), we conclude that aloperine is efficient to restore the Th17/Treg imbalance, thus serving as a potent therapeutic agent in psoriasis and other immune-related disorders.
[image: Figure 7]FIGURE 7 | A graphical illustration of aloperine-mediated suppression of the Th17 program in the mouse psoriasis model. (1) Aloperine inhibits the migration, activation, and Th17-inducing capability of DCs. (2) Aloperine directly inhibits Th17 polarization by suppressing the phosphorylation of STAT3. (3) Aloperine promotes the trans-differentiation of Th17 into Treg.
Psoriasis is a chronic inflammatory skin disease characterized by skin erythema, plagues, and constant scales derived from excessive proliferation of epithelial cells. IMQ is a TLR7/8 ligand and a potent immune activator of monocytes, macrophages, and DCs, by which it plays a critical role in initiating psoriatic skin inflammation. IMQ-induced psoriasis is established as a rapid and convenient animal model to elucidate the pathogenic mechanism of psoriasis and to screen potential antipsoriasis drugs in vivo (Chuang et al., 2018). We therefore explored the therapeutic effect on psoriasis and the related mechanisms in an IMQ-induced psoriasis model. Previous studies demonstrated strong evidence for the role of the IL-23/Th17 axis both in the psoriasis patients and animal models. IL-23, mostly derived from the activated DCs, plays an important role in the proliferation and maintenance of immune response. Intradermal injection of IL-23 in mice led to apparent skin inflammation with histopathological features resembling psoriasis (Lindroos et al., 2011; Rizzo et al., 2011). In the present study, we found that aloperine not only impaired Th17 differentiation directly but also inhibited the activation of dendritic cells, thereby reducing the expression and secretion of proinflammatory cytokines, especially IL-23 and IL-1β. Thus, our data support that aloperine ameliorates IMQ-induced psoriatic skin injury by creating a Th17-disfavoring microenvironment.
Evidence also suggests that neutrophils, monocytes, and monocyte-derived DCs were accumulated in the dermis during the early phase, and macrophages transiently increased in the epidermis and dermis during the late phase (Lee et al., 2018). These findings highlight their key role in inducing the psoriasis-like skin disease. In our study, we observed that aloperine had no effect on the infiltration of neutrophils but could inhibit the migration of DCs and macrophages through the application of an air pouch model. Our finding emphasized the pivotal functions of antigen-presenting cells (DCs in particular) during the early phase of psoriasis development, which could be a perfect time window for the intervention by either aloperine or other chemical compounds.
Th17/Treg imbalance is known to trigger and accelerate the progression of psoriasis (Shi et al., 2019). In psoriatic patients, the impaired function of Treg cells is mediated by the phosphorylation of STAT3 (Yang et al., 2016; Zhang et al., 2016). Treg cells from psoriatic patients could reprogram into IL-17A-producing Th17 cells, which are identified in the peripheral blood and skin lesions, suggesting that the stability of Treg is compromised in the psoriatic inflammation environment (Singh et al., 2013). Our group previously found that aloperine promoted Treg differentiation and activation in mice by inhibiting the PI3K/Akt/mTOR signaling pathway. In this study, we found that the proportion of Treg was increased in the aloperine treatment group, which is consistent with the previous study. We further checked whether increased Treg in the aloperine treatment group was derived from the conversion of Th17 cells. Excitingly, we found that aloperine could alter the pSTAT3/pSTAT5 ratio and promote the conversion from Th17 to Treg cells. These findings suggested that aloperine could improve the skin local immune environment through affecting Th17/Treg balance. Nonetheless, the limitation of this study is that we did not fully identify the specific molecules that interact with aloperine directly, which would be the focus of later investigations.
In summary, topical administration of aloperine ameliorates IMQ-induced psoriasis via its versatile suppressive effect on the Th17 program. These findings provide important mechanistic insights into the therapeutic benefits of aloperine, which holds the potential as a candidate drug for the treatment of various inflammatory diseases.
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3,4-Methylenedioxy-β-Nitrostyrene Alleviates Dextran Sulfate Sodium–Induced Mouse Colitis by Inhibiting the NLRP3 Inflammasome
Juanjuan Zheng1,2,3, Zhongxin Jiang1,2, Yue Song3,4, Shu Huang3, Yuzhang Du3, Xiaobao Yang3, Yan Xiao1,2, Zhihui Ma3, Dakang Xu3* and Jing Li1,2*
1Department of Clinical Laboratory, The Affiliated Hospital of Qingdao University, Qingdao, China
2Department of Inspection, The Medical Faculty of Qingdao University, Qingdao, China
3Department of Laboratory Medicine, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China
4Department of Medical Technology, Qiqihar Medical University, Qiqihar, China
Edited by:
Nandakumar Natarajan, The University of Texas Health Science Center at Tyler, United States
Reviewed by:
Ting Zhang, First Affiliated Hospital of Chengdu Medical College, China
Velmurugan Meganathan, The University of Texas Health Science Center at Tyler, United States
* Correspondence: Dakang Xu, dakang_xu@163.com; Jing Li, qdjingl@163.com
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 31 January 2022
Accepted: 04 May 2022
Published: 15 June 2022
Citation: Zheng J, Jiang Z, Song Y, Huang S, Du Y, Yang X, Xiao Y, Ma Z, Xu D and Li J (2022) 3,4-Methylenedioxy-β-Nitrostyrene Alleviates Dextran Sulfate Sodium–Induced Mouse Colitis by Inhibiting the NLRP3 Inflammasome. Front. Pharmacol. 13:866228. doi: 10.3389/fphar.2022.866228

Inflammatory bowel disease (IBD) has been reported to be associated with NLRP3 inflammasome activation. Therefore inhibiting inflammasome activation could be a new approach to treat IBD. Inflammasome inhibitors NLRP3-IN-2, JC124, and 3,4-methylenedioxy-β-nitrostyrene (MNS) were previously reported to exert anti-inflammatory effects in various disease models but not in the dextran sulfate sodium (DSS)–induced colitis model. Here, we showed that MNS was more efficient in inhibiting the secretion of interleukin-1β (IL-1β) by blocking oligomerization of apoptosis-associated speck-like protein (ASC) than NLRP3-IN-2 and JC124. To investigate the protective effects of MNS on enteritis, we administered intragastric MNS to DSS-induced colitis mice. The results demonstrated that MNS attenuated DSS-induced body weight loss, colon length shortening, and pathological damage. In addition, MNS inhibited the infiltration of macrophages and inflammatory cells and reduced IL-1β and IL-12p40 pro-inflammatory cytokines but had no significant effect on tumor necrosis factor α (TNF-α) and IL-6. Furthermore, we also found that the differentiation of IL-17A+interferon-γ (IFN-γ)+CD4+ T cell was decreased in the colon after MNS treatment, which might be mediated by IL-1β, etc. cytokine release. Taken together, MNS alleviated DSS-induced intestinal inflammation by inhibiting NLRP3 inflammasome activation, which may function as an effective therapeutic for IBD.
Keywords: NLRP3 inflammasome, 3,4-methylenedioxy-β-nitrostyrene, IL-1β, experimental colitis, inflammatory bowel disease
INTRODUCTION
Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is a chronic and intractable inflammatory disease of the gastrointestinal tract (Asquith and Powrie, 2010). The condition is believed to be triggered by environmental factors in genetically susceptible individuals. Beyond this, it is related to an impaired mucosal barrier system and dysregulated intestinal immune responses (Famularo et al., 2002; Kanneganti et al., 2007). The clinical symptoms of IBD include recurrent abdominal pain, diarrhea, and mucopurulent bloody stool, and it severely affects the quality of an individual’s life and increases the risk of colon cancer (Kim and Chang, 2014). Some IBD symptoms can be controlled by conventional drugs such as sulfasalazine and infliximab. However, these drugs are usually accompanied by a relapse of IBD (Patel et al., 2016; Wu et al., 2020). The reagent for anti–tumor necrosis factor α (TNF-α) may elicit good clinical effects, but it is not widely used because of the high cost (Cote-Daigneault et al., 2015; Subramanian et al., 2017). Therefore, it is urgent to find a safe and effective approach for IBD.
To understand dysregulated intestinal inflammation in IBD, an increasing number of recent studies have focused on inflammasome-mediated colitis. In 2002, Martinon et al. identified inflammasomes for the first time and stated that they comprise caspase, ASC, and NACHT leucine-rich-repeat protein 1 (NALP1) (Martinon et al., 2002). Since then, NLR family, pyrin domain containing 3 (NLRP3); NLR family, pyrin domain containing 1 (NLRP1); absent in melanoma 2 (AIM2); NLR family CARD domain-containing protein 4 (NLRC4); interferon alpha-inducible protein 16 (IFI16), and other inflammasomes have been identified one after another (Rock et al., 2010). Among the NLR family, the NLRP3 inflammasome has been studied more extensively due to its key role in the immune system and inflammatory diseases (Agostini et al., 2004; Zhen and Zhang, 2019). NLRP3 inflammasome activation could induce the secretion of pro-inflammatory cytokines, including interleukin-1β (IL-1β) and interleukin-18 (IL-18) (Zhivaki and Kagan, 2021). In patients with IBD, the NLRP3 inflammasome was activated, followed by increased mRNA and protein levels of IL-1β, caspase-1, and NLRP3, which in turn aggravated the severity of IBD (Mahida et al., 1989; Lazaridis et al., 2017). Bauer et al. found that the protein levels of IL-18 and IL-1β from macrophages of DSS-induced wild-type mice colitis were significantly higher than those of mice lacking NLRP3, ASC, and caspase-1 (Bauer et al., 2010). All of this suggests that the NLRP3 inflammasome plays a critical role in intestinal inflammation.
Although the NLRP3 inflammasome acts on a variety of human diseases, its pathogenesis is not fully understood. Therefore, specific NLRP3 inflammasome inhibitors can be used as pharmacological tools to investigate its pathogenic mechanisms and as potential therapeutic approaches. Among these small molecules that inhibit the inflammasome signaling pathway, MNS has previously been reported to promote wound healing by inhibiting the activation of the NLRP3 inflammasome and inhibiting the platelet Glycoprotein IIb/IIIa activation with the classical enteritis drug sulfasalazine (Patel et al., 2012). NLRP3-IN-2 and JC124, chemically synthesized sulfonamide analogs, could inhibit the formation of the NLRP3 inflammasome in cardiomyocytes and limit the infarct size following myocardial ischemia/reperfusion in the mouse, without affecting glucose metabolism (Marchetti et al., 2014; Fulp et al., 2018). To date, there are no results showing the effect of these three inhibitors in colitis.
In this study, we first compared the inhibitory effects of three inhibitors on IL-1β release in vitro. Then, we chose MNS, which was more efficient in inhibiting the secretion of interleukin-1β (IL-1β) and explored its efficacy in an experimental enteritis mouse model as it showed better anti-inflammatory effects and IL-17A+ interferon-γ (IFN-γ)+CD4+T cell–mediated intestinal immune responses. Thus, we proposed MNS as a new therapeutic agent that could promote IBD remission and maintain intestinal immune balance.
MATERIALS AND METHODS
Reagents
NLRP3-IN-2 (4-(2-(5-chloro-2-methoxybenzamido)ethyl)benzenesulfamide), JC124 (5-chloro-2-methoxy-N-(2-(4-(N-methylsulfamoyl)phenyl)-ethyl)benzamide), and MNS (3,4-methylenedioxy-β-nitrostyrene) (purity >99%) were purchased from MedChemExpress (New Jersey, United States).
IL-1β, IL-6, IL-12, and tumor necrosis factor-α (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits were purchased from Thermo Fisher Scientific (Waltham, United States).
Antibodies against NLRP3 (ab270449), ASC (ab175449), IL-1β (ab254360), MUC-2 (ab272692), and HRP Anti-Rabbit IgG (ab288156) were purchased from Abcam Systems (Cambridge, United Kingdom). Antibodies against claudin1 (13050-1-AP) were purchased from Proteintech (Chicago, United States). Antibodies against caspase-1 (24232S), P65 (8242S), P-P65 (3033), β-actin (4970), GAPDH (5174), and Ly-6G (87048) were purchased from Cell Signaling Technology (Boston, United States).
Nigericin (tlrl-nig), ATP (tlrl-atp), MSU (tlrl-msu), and silica (tlrl-sio) were purchased from InvivoGen (San Diego, United States). Disuccinimidyl suberate (DSS) was purchased from MP (Waltham, United States).
Flow cytometry antibodies, FITC-CD45 (109806), Pe-Cy5-CD4 (100540), APC-F4/80 (123116), PE-IL-17A (506904), APC-IFN-γ (505809), PerCP-Cy5.5-CD11b (101228), and the Zombie dye kit (423106), were purchased from Biolegend (San Diego, United States). Fixation/permeabilization buffer and permeabilization buffer were purchased from BD Bioscience (Franklin Lake, United States).
Cell Culture
Bone marrow cells were collected from C57BL/6 mice by flushing dissected tibias and femurs with aseptic PBS. The cells were cultured for 7 days in DMEM with 10% fetal bovine serum and 1% penicillin–streptomycin. 30% L929 cell-conditioned medium was added to promote bone marrow–derived macrophage (BMDM) differentiation. The cells were cultured in a humidified incubator with 5% CO2 at 37°C.
Cell Viability
BMDMs were plated in 96-well plates (5.0 × 104 cells/well) before being incubated with NLRP3-IN-2, JC124, or MNS (0.5–20 μM) for 2 h and then assayed by a lactate dehydrogenase (LDH) assay kit (Beyotime Biotechnology, Shanghai, China).
Inflammasome Activation
BMDMs were seeded in 24-well plates (1.0 × 106 cells/well) and primed with LPS (100 ng/ml) for 4 h. After that, the cells were incubated with inflammasome inhibitors for 1 h, and then, the cells were treated with nigericin (5 μg/ml) for 30 min or ATP (5 mM) for 2 h or silica (100 μg/ml) for 6 h or MSU (100 μg/ml) for 6 h.
Cytokine Analysis
The cell supernatant was collected after the activation of the inflammasome and centrifuged at 12,000 g for 1 min. Using relevant ELISA kits, IL-1β and TNF-α were assayed. Similar quality colon tissues were harvested from each group and incubated in DMEM. The culture supernatants were centrifuged for 1 min at 12,000 g and then IL-1β, IL-12p40, IL-6, and TNF-α levels were quantified by ELISA.
Western Blotting
The cells were collected and lysed in lysis buffer. The sample lysates were sonicated and centrifuged at 12,000 g for 5 min, and the supernatant was collected. Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to nitrocellulose membranes. The membranes were blocked in 5% skim milk in TBS + Tween 20 (TBST) for 1 h at room temperature. After that, the membranes were incubated with primary antibodies (caspase-1, IL-1β, ASC, NLRP3, P65, P-P65, and β-actin) overnight at 4°C. The next day, after washing in TBST, the membranes were incubated with peroxidase-conjugated secondary antibody for 1 h at room temperature. Protein bands were visualized with a high-signal enhanced chemiluminescence Western blotting substrate (Tanon, China) using a Tanon-Chemi imaging system (Tanon-5200).
Immunofluorescence Staining of ASC Specks
BMDMs (6 × 105 cells/well) were placed in 24-well plates. After inflammasome activation, the cells were fixed in 4% paraformaldehyde for 20 min at room temperature, washed with PBS three times, followed by permeabilization with 0.2% Triton X-100, and blocked with 10% goat serum in PBS for 60 min. After that, we poured out the blocking solution and incubated with anti-ASC antibody (1:100) diluted in 5% goat serum in PBS at 4°C overnight. Then, BMDMs were washed with PBS, incubated with Alexa Flour 488 goat anti-rabbit IgG (Invitrogen, Carlsbad, United States) diluted in PBS (1:1000) for 2 h, and nuclei were stained with DAPI (Beyotime Biotechnology, Shanghai, China) for 1 h. The ASC-speck formation was imaged under a positive fluorescence microscope (Nikon, Japan).
Animals and the DSS-Induced Colitis Model
Male C57BL/6 mice (weighing 25–27 g at 8–10 weeks old) were purchased from Charles River Laboratories (Beijing, China). They were kept in a 12 h reverse light/dark cycle, with ad libitum access to food and water.
The animals were divided into three groups. The control group (n = 5) received no DSS or inhibitors. The DSS group (n = 5) was treated with 3% DSS to induce colitis but no inhibitors. Animals in the DSS + MNS group were simultaneously treated with 3% DSS and MNS (30 mg/kg/day) for 5 days. According to a previously described protocol (Zaki et al., 2010), the disease activity index (DAI) was used to record weight loss, fecal diarrhea, and the presence of fecal blood. After 7 days, the mice were humanely killed by cervical dislocation. The colon tissue was excised for subsequent analysis. The animal experiments were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.
Histological Score
Approximately 1 cm of colon tissue was fixed in 4% formalin. The samples were then dehydrated and embedded in paraffin. Histological sections were stained with hematoxylin and eosin (H&E) and observed under an optical microscope (Nikon, Japan). Colitis severity was evaluated using a lesion score system. 1) Inflammation severity of the intestinal wall (0.5 = extremely mild; 1 = mild; 2 = moderate; 3 = intense inflammation). 2) Lesion severity (1 = mucosal layer; 2 = mucosa; 3 = submucosa or transmural injury). 3) Crypt damage (0 = no significant damage; 1 = 1/3 crypt damage; 2 = 2/3 crypt damage; 3 = crypt loss but surface epithelium intact; and 4 = crypt and surface epithelium missing). The scores were summed up to generate the final score. The average score [mean ± standard error of the mean (SEM)] of each animal in each group was calculated, and t-tests were performed among different groups.
Myeloperoxidase Activity
Neutrophil infiltration into inflamed bowel mucosa was determined by an MPO activity assay using the O-dianisidine method (Qian et al., 2020). The protein extracted from colonic tissue was used to evaluate the MPO level according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).
Immunohistochemistry Staining
Colon tissue sections were deparaffinized, rehydrated, and blocked. Then, the sections were incubated with the following primary antibodies at 4°C overnight: Ly-6G (1:800), claudin-1 (1: 400), and MUC-2 (1:1000) overnight at 4°C. After that, the sections were incubated with an HRP Anti-Rabbit IgG antibody (1:800) for 1 h at room temperature. Positively stained sites were visualized by incubating with peroxidase-labeled streptavidin-complex (Beyotime Biotechnology, Shanghai, China), and the nuclei were counterstained with hematoxylin. The immune-positive sites were recognized by yellowish-brown staining, and the blue or purple staining showed the nuclei. The images were captured with a Nikon confocal microscope (Tokyo, Japan).
Flow Cytometry
The colon tissue was collected when mice were killed and immediately minced and digested with collagenase IV (Sigma-Aldrich, MO, United States) 300 U/ml and a hyaluronidase solution (Sigma-Aldrich, MO, United States) 200 U/ml in Roswell Park Memorial Institute 1640 medium supplemented with penicillin and streptomycin and incubated at 37°C for 1 h. The cell suspension was centrifuged at 12,000 g for 5 min and mechanically dissociated through a sterile nylon mesh filter. For intracellular cytokine analyses, the cells were stimulated in complete medium plus a Cell Activation Cocktail and Brefeldin A for 4 h at 37°C. The assay antibodies included anti–FITC-CD45, APC-F4/80, Pe-Cy5-CD4, PE-IL-17A, APC-IFN-γ, PerCP-Cy5.5-CD11b, and also a Zombie NIR dye. Data were acquired on an LSR-II system (BD Biosciences) and analyzed using FlowJo software (V10, Becton Dickinson, Ashland, OR, United States).
Statistical Analysis
Statistical analyses were conducted using two-tailed Student’s tests for comparisons between two groups and a one-way analysis of variance (ANOVA) followed by Dunnett’s test for comparisons between three or more groups. The results were expressed as the mean ± standard error of the mean (SEM). p < 0.05 indicated statistical significance. All analyses were carried out by GraphPad Prism v8.0 (La Jolla, San Diego, United States).
RESULTS
The Effects of Inflammasome Inhibitors on IL-1β Secretion
To assess the toxicity of NLRP3-IN-2, JC124, and MNS (Figure 1A) on BMDM viability, LDH assays were performed. Treatment with any of the three compounds up to 20 μM did not generate any cytotoxicity (Figure 1B). Thus, in the subsequent experiments, we used inhibitors at concentrations of 1–10 μM, a safe range for BMDM viability. NLRP3-IN-2, JC124, and MNS were added before NLRP3 inflammasome activation to investigate their possible inhibition. Of them, MNS showed significant inhibitory effects toward IL-1β production in a concentration-dependent manner (Figure 1C). To further confirm the inhibitory effects of MNS on the NLRP3 inflammasome, we stimulated BMDMs with ATP, silica, and MSU (monosodium urate crystals) separately. IL-1β secretion was significantly increased after using these stimulants, while it was decreased with the treatment of MNS in a dose-dependent manner (Figure 1D). These evidences suggested that MNS could inhibit IL-1β secretion effectively.
[image: Figure 1]FIGURE 1 | Inflammasome inhibitors inhibited IL-1β secretion. (A) Chemical structures of NLRP3-IN-2, JC124, and MNS. (B) BMDM viability was measured using the LDH assay after incubation with different doses of inflammasome inhibitors of 0, 0.5, 1, 5, 10, and 20 μM. (C–F) After LPS-primed BMDMs were pretreated with MNS (0.5–20 μM), IL-1β secretion was assayed by ELISA upon stimulation with nigericin (15 μM) for 30 min (C), ATP (5 mM) for 2 h (D), silica (100 μg/ml) for 6 h (E), and MSU (100 μg/ml) for 6 h (F). Data were expressed as the mean ± standard error of the mean (SEM) (n = 3). Statistical analyses were performed using an unpaired two-tailed Student’s t-test; ns = not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 vs. without inhibitor treated; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. with inhibitor treated.
MNS Inhibited Activation of the NLRP3 Inflammasome In Vitro
The inflammasome contains multiple proteins, and the expression of these proteins affects its activity in turn (Martinon et al., 2002). Therefore, we examined the protein levels of NLRP3, ASC, pro–IL-1β, pro–caspase-1 in cell lysates, and those of caspase-1 and its substrate IL-1β in cell supernatants by immunoblotting. Caspase-1 and IL-1β were reduced, while NLRP3, ASC, pro–IL-1β, and pro–caspase-1 remained unchanged (Figure 2A). ASC specks were observed upon ASC oligomerization, which thereby reflected NLRP3 inflammasome activation (He et al., 2014). To investigate whether MNS suppressed IL-1β release by reducing ASC aggregation, we performed immunofluorescence on ASC specks and observed that nigericin triggered ASC speck formation in macrophages in the nigericin group. Compared to this, ASC specks decreased significantly in the MNS-treated group in an MNS dose-dependent manner (Figures 2B,C; Supplementary Figure S1). Therefore, MNS could inhibit ASC speck formation. We next examined the important proteins of nuclear factor-κB (NF-κB), p65 and P-p65, which are the primary stages of NLRP3 inflammasome formation (Hayden and Ghosh, 2008). Western blotting showed that these protein levels were unchanged (Figure 2D). In addition, the effect of MNS on LPS-induced TNF-α secretion levels was investigated, and a negligible change in TNF-α levels was observed at MNS concentrations of 0.5, 1, 5, and 10 μM (Figure 2E). Collectively, the inhibitory effects of MNS on NLRP3 inflammasome activation were pronounced, whereas NF-κB expression was unaffected.
[image: Figure 2]FIGURE 2 | MNS inhibited activation of the NLRP3 inflammasome in vitro. (A–E) LPS-primed BMDMs were treated with MNS (0.5–10 μM) for 1 h, followed by 15 μM nigericin for 30 min. Mature IL-1β and caspase-1 (Casp-1) were measured in supernatants (Sup); NLRP3, pro–IL-1β, pro–caspase-1(Pro–Casp-1), and ASC were measured in whole-cell lysates (Lys) by immunoblotting (A). BMDMs were stained with anti–ASC antibodies for ASC specks (green) and DAPI for nuclei (blue). ASC specks were marked with red arrows (B). BMDMs with ASC specks were represented as a percentage of total cells (C). BMDM p65 and P-p65 levels were examined by Western blotting. (D) TNF-α levels in the supernatant were determined by ELISA (E). Data were expressed as the mean ± standard error of the mean (SEM) (n = 3). Statistical analyses were performed using an unpaired two-tailed Student’s t-test; ns = not significant; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. without MNS treatment.
MNS Relieved DSS-Induced Colitis Symptoms
To assess whether MNS protects against colitis in vivo, we designed an experiment using a DSS-induced colitis mouse model (Figure 3A). Both the DSS and DSS + MNS groups recorded weight loss on the fourth day, but with time, weight loss and disease activity index (DAI) in the DSS + MNS group improved compared with those in the DSS group (Figures 3B,C). We also observed a significant reduction in colonic length and splenomegaly in the DSS + MNS group compared to that in the DSS group (Figures 3D,E; Supplementary Figures S2A–C). In conclusion, our data suggest that MNS could significantly alleviate colitis symptoms of mice.
[image: Figure 3]FIGURE 3 | MNS relieved DSS-induced colitis symptoms. (A) Experimental DSS-induced colitis protocol. (B) Percentage of body weight loss in mice treated with DSS alone (blue line), DSS + MNS (red line), and Control mice (black line). (C) Disease activity index (DAI) in mice treated with DSS alone (blue line), DSS + MNS (red line), and Control mice (black line) over 7 days. (D) Gross colonic anatomy showing the shortening effects of MNS on DSS-induced colon. (E) Colon length was measured at autopsy. N = 3 mice/group. Data were presented as the mean ± standard error of the mean (SEM). In (B,C,E) *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the DSS group.
MNS Reduced Histopathological Damage During DSS-Induced Colitis
To observe the effects of MNS on intestinal tissue, we performed H&E staining on colon tissues from each group (Figure 4A). DSS treatment caused extensive colonic damage, accompanied by epithelium loss and crypt structure collapse compared with DSS + MNS treatment (Figures 4A,B). Myeloperoxidase (MPO) assay and immunohistochemical staining of Ly-6G were used to evaluate the recruitment and infiltration of neutrophils in mouse colon tissue. The results show that neutrophils significantly increased in the DSS group compared with the DSS + MNS group (Figures 4C,D). Colonic mucus is the first physical barrier that protects the colon against toxins and pathogenic invasion and is produced and maintained by glycosylated mucin-2 (MUC-2) and claudin-1 (Ambort et al., 2012; Citalán-Madrid et al., 2017; Chen et al., 2021). Immunohistochemistry staining revealed that the protein expression levels of MUC-2 and claudin-1 were significantly reduced in the DSS group, but the levels of these proteins in the DSS + MNS group were similar to those of the control (Figure 4E). Thus, MNS treatment retarded histopathological changes, protected the intestinal mucosa from damage, and maintained the intestinal barrier.
[image: Figure 4]FIGURE 4 | MNS reduced histopathological damage during DSS-induced colitis. (A) Hematoxylin and eosin stain of colon tissue, epithelium loss, and crypt structure collapse were marked with yellow arrows. (B) Histological scores of blinded sections. (C) Colon tissue culture supernatants were assayed for MPO. Immunohistochemistry staining of (D) Ly-6G (E) MUC-2, and claudin-1 in the colon were marked with red arrows. N = 3 mice/group. Data were presented as the mean ± standard error of the mean (SEM). ***p < 0.001 vs. the DSS group.
MNS Attenuated Macrophage Infiltration and Regulated Cytokine Secretion of Mouse Colon With DSS-Induced Colitis
In patients with IBD, considerable macrophages usually infiltrate the intestine (Bernardo et al., 2018; Wright et al., 2021). To explore this further, we used flow cytometry to examine the number and proportion of F4/80+ and CD11b+ labeled macrophages in colon tissues. Compared with the DSS group, the MNS + DSS group displayed reduced intestinal macrophage infiltration (Figures 5A,B). Secretion of macrophage-derived inflammatory cytokines, such as IL-1β, IL-12p40, and TNF-α, is required for T helper 17 (Th17) and T helper 1 (Th1) cell differentiation (Conforti-Andreoni et al., 2011). IL-17A is the marker of Th17, and IFN-γ is the marker of Th1 (Harbour et al., 2015), so we investigated the expression of IL-17A and IFN-γ by flow cytometry. The results showed that IL-17A+IFN-γ-CD4+ T cells (Th17) decreased slightly in the DSS + MNS group compared with those in the DSS group, but there was no significance (Figures 5C,D). However, IL-17A-IFN-γ+CD4+ T cells (Th1) and IL-17A+IFN-γ+CD4+ T cells decreased significantly in the DSS + MNS group when compared with the DSS group (Figures 5C,D). In addition, the levels of TNF-α, IL-1β, IL-6, and IL-12p40 in colon tissue were measured by ELISA, which were all reduced in DSS + MNS animals, and significance was only observed in IL-1β and IL-12p40 (Figure 5E). These data show that MNS attenuated macrophage infiltration and IL-17A+IFN-γ+CD4+ T cell differentiation and IL-1β, IL-12, and IL-6 secretion.
[image: Figure 5]FIGURE 5 | MNS attenuated macrophage infiltration and regulated cytokine secretion of mouse colon with DSS-induced colitis. (A,B) F4/80 + CD11b + labeled macrophages in infiltrated colon tissue were detected by flow cytometry. (C) IL-17A+IFN-γ+ helper T cells in colon tissue were analyzed by flow cytometry by IL-17A and IFN-γ intracellular staining. (D) Proportion analysis of IL-17A+, IFN-γ+, and IL-17A+IFN-γ+ cells in CD4+T cells. (E) Washed colon tissues were weighed and cultured ex vivo for 24 h, and the supernatants of colon biopsy were analyzed using TNF-α, IL-1β, IL-6, and IL-12p40 ELISA kit. N = 3 mice/group. Data were presented as the mean ± standard error of the mean (SEM); ns = not significant. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the DSS group.
DISCUSSION
IBD is a common clinical disease with a complex pathogenesis. Despite the continuous development of treatments, there are still limitations. Therefore, it is necessary to explore other effective and safe therapeutic drugs. As a cytoplasmic polyprotein complex and an important component of innate immunity, the NLRP3 Inflammasome has been studied by more and more researchers due to its vital role in immune response and diseases, including infectious diseases and metabolic diseases (Place and Kanneganti, 2019; Tartey and Kanneganti, 2020). It is known that the activation of the NLRP3 inflammasome is achieved through two sequential steps, termed as priming and assembly. The activation of Toll-like receptor 4 (TLR4) by lipopolysaccharide (LPS) provides the priming signal (signal 1), thereby increasing the transcription of NLRP3, pro–IL-1β, and IL-18 through the NF-κB–mediated pathway (Huang et al., 2017; Mangan et al., 2018). Further stimulation by infections and/or tissue damage (e.g., ATP, MSU, and silica) (signal 2) leads to a series of responses, such as K+ efflux (Mariathasan et al., 2006; Martinon et al., 2006; Dostert et al., 2008), that trigger the assembly of NLRP3 inflammasomes following NLRP3 inflammasome activation (Liu et al., 2014) (Figure 6). We have confirmed that MNS has a broad-spectrum inhibitory effect on ATP, MSU, and silica-induced inflammasome activation in vitro. As the core of the inflammatory response, the NLRP3 inflammasome may provide new targets for the treatment of various inflammatory diseases. This study is the first description of using compound-MNS on enteritis mice with DSS-induced intestinal inflammation and explored its inhibitory effects on the NLRP3 inflammasome, which may function as an effective therapeutic for IBD.
[image: Figure 6]FIGURE 6 | Schematic presentation of MNS-alleviated inflammatory responses. LPS/TNF-α promoted the activation of the NF-κB pathway, increased the transcription of NLRP3, Pro–IL-1β, and Pro–IL-18. NLRP3 responded to stimuli (ATP, MSU, and silica), induced K+ efflux, and ASC and pro–caspase-1 were recruited to assemble and form NLRP3 oligomerization with the active caspase-1. Pro-IL-1β and pro-IL-18 are cleaved into mature forms by caspase-1 following NLRP3 inflammasome activation. IL-1β and other cytokines were released to induce the aggregation of mononuclear/macrophages and Th cell differentiation. When administered with MNS, NLRP3 inflammasome activation was prevented and cytokine maturation release was reduced, thereby alleviating the inflammatory response.
He et al. identified MNS as one of the most potent inhibitors for NLRP3 inflammasome activation by screening a kinase inhibitor library in 2014 (He et al., 2014). Since then, several studies have confirmed its anti-inflammatory effects on NLRP3, and no effect on NLRC4 or AIM2 inflammasome (He et al., 2014; Xiao et al., 2016; Patel et al., 2018). In addition to reducing the release of mature IL-1β, MNS could also induce other cellular responses, such as cell death and IL-18 maturation, suggesting that directly targeting NLRP3 inflammasome activation may be more effective than blocking IL-1β alone. Several previously identified inhibitors of the NLRP3 inflammasome, such as Bay11-7082 and Parthenolide, acted upstream of the inflammasome pathway and inhibited the activation of the NF-κB pathway, thereby affecting NLRP3 ATPase activity, ASC oligomerization, and reducing IL-1β and TNF-α production (Saadane et al., 2007; Juliana et al., 2010), while recent studies reported that anti-TNF-α agents, such as infliximab, adalimumab, and ustekinumab, could result in severe side effects (Cohen and Sachar, 2017). Therefore, inhibiting upstream molecules of the inflammasome pathway may not be an ideal choice. Our experiments showed that MNS did not affect the activation of NF-κB or the release of TNF-α, suggesting that MNS may have fewer side effects in IBD treatment.
It was also reported that MNS could inhibit Syk kinase that could modulate the activity of the ASC-containing inflammasome in macrophages by regulating the formation of ASC specks (Hara et al., 2013), which was consistent with our results. Interestingly, MNS’s inhibitory effects on Syk kinase could inhibit platelet aggregation, which was also consistent with some reports of many antiplatelet drugs having good anti-inflammatory effects (Nannizzi-Alaimo et al., 2003; Friedman et al., 2009; Patil et al., 2010; Petrovic et al., 2020). For example, as the current traditional IBD therapeutic agent, sulfasalazine has been proven to have an anti-platelet aggregation effect (Patel et al., 2012). Considering that MNS may play a role through multiple pathways in the treatment of IBD, which makes it a better therapeutic option.
As synthetic small-molecule inhibitors of the NLRP3 inflammasome, NLRP3-IN-2, JC124, and MNS can all reduce IL-1β secretion in BMDMs. However, in our study, NLRP3-IN-2 and JC124 were not as effective as reported by Marchetti et al. (2014); Kuwar et al. (2019), and MNS was the most effective. The reason for this may be due to different drug sensitivities to different cell lines. Here, we used primary BMDMs because they were superior to tumor cell lines and more closely resembled autologous macrophages, which would make the results more meaningful.
Inflammatory cytokines play an important role in the development of IBD. Clinical studies have shown that the concentration of IL-1β dramatically increased in the serum of IBD patients and inflamed colonic tissues appeared (McAlindon et al., 1998; Ludwiczek et al., 2004). Along with this, mature IL-1β production was also significantly upregulated in our mouse model of DSS-induced colitis. Studies have shown that excessive IL-1β can lead to increased intestinal permeability, promote dendritic cell and macrophage activation, and facilitate the accumulation of IL-17A secreting cells (Al-Sadi et al., 2012; Harbour et al., 2015). Our study showed that MNS administration significantly relieved mouse colitis and decreased IL-1β secretion and macrophage infiltration. Meanwhile, other inflammatory factors, such as IL-12, were also decreased upon MNS treatment. Previous studies have shown that IL-1β and IL-12 can promote the differentiation of helper T cells (Mahida, 2000; Wang et al., 2021), and T helper 17 (Th17) cells are required for the development of IBD (Geremia et al., 2014; Harbour et al., 2015; Alexander et al., 2022). IFN-γ–deficient Th17 cells maintained their Th17 phenotype but failed to induce colitis in mouse models, and IL-17A+IFN-γ+CD4+ T cells were considered to be more pathogenic (Harbour et al., 2015; Tian et al., 2021). During DSS-induced colitis, IL-17A+IFN-γ+CD4+ T cell levels were significantly reduced after MNS treatment. In the development of colitis, macrophages secrete inflammatory cytokines such as IL-1β and IL-12, leading to inflammatory cell aggregation, increasing inflammatory cytokine secretion, and promoting Th cell differentiation, thereby exacerbating immune response [30] (Figure 6). From this point, inhibiting inflammatory cytokine secretion or IL-17A+IFN-γ+CD4+ T cell differentiation may slow down or limit immune-mediated intestinal damage, which may provide a theoretical basis for IBD immunotherapy in the future.
There are still some limitations in our study. First, MNS is the NLRP3 inflammasome inhibitor, which has the same drug target as the classic inflammasome inhibitor MCC950. The effect of MNS can be further compared with that of MCC950; second, how MNS affects intestinal microflora and microenvironment changes needs to be further verified.
In conclusion, this is the first report showing that MNS reduced intestinal tissue damage, attenuated macrophage infiltration, and regulated IL-1β and IL-12 pro-inflammatory cytokine secretion in the mouse colon with DSS-induced colitis. It also impacted the contribution of IL-17A+IFN-γ+CD4+ T cell differentiation. It is more efficient in inhibiting the secretion of interleukin-1β (IL-1β) than NLRP3-IN-2 and JC124. Therefore, MNS may serve as a potential treatment for inflammatory bowel disease in humans.
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Periodontitis is an oral inflammatory process involving the periodontium, which is mainly caused by the invasion of periodontopathogenic microorganisms that results in gingival connective tissue and alveolar bone destruction. Metabolic products of the oral pathogens and the associated host immune and inflammatory responses triggered are responsible for the local tissue destruction. Numerous studies in the past decades have demonstrated that natural polyphenols are capable of modulating the host inflammatory responses by targeting multiple inflammatory components. The proposed mechanism by which polyphenolic compounds exert their great potential is by regulating the immune cell, proinflammatory cytokines synthesis and gene expression. However, due to its low absorption and bioavailability, the beneficial effects of these substances are very limited and it hampers their use as a therapeutic agent. To address these limitations, targeted delivery systems by nanoencapsulation techniques have been explored in recent years. Nanoencapsulation of polyphenolic compounds with different carriers is an efficient and promising approach to boost their bioavailability, increase the efficiency and reduce the degradability of natural polyphenols. In this review, we focus on the effects of different polyphenolic substances in periodontal inflammation and to explore the pharmaceutical significance of polyphenol-loaded nanoparticles in controlling periodontitis, which may be useful for further enhancement of their efficacy as therapeutic agents for periodontal disease.
Keywords: periodonditis, inflammation, nanotechnolody, nanoencapsulation, polyphenol
INTRODUCTION
Periodontitis contributes to a significant public health problem globally due to its high prevalence, economic impact and health consequences (Dom et al., 2012; Marcenes et al., 2013). As a common complex inflammatory disease of the oral cavity, it has been estimated that severe periodontitis affects 11% of the world population in last decades (Kassebaum et al., 2014). Increasing burden of severe periodontitis is suggested to be partly due to an increase in life expectancy in the growing world population. In addition, recent study has reported that half of the adult population worldwide have at least one tooth with apical periodontitis, which is usually asymptomatic and underestimated (Tibúrcio-Machado et al., 2021). Apart from the local effects on the dentition and tooth-supporting tissues, oral diseases may also have an impact on systemic health (Scannapieco and Cantos 2016).
Diseases of the periodontium such as gingivitis and periodontitis are preventable with the application of correct preventive strategies. Nonsurgical treatment modalities remain the gold standard for managing periodontal diseases. Dental cleaning, gingival scaling/root planing (SRP) and proper oral hygiene are among the periodontal treatments available that aim to reduce inflammation, pocket depth and clinical attachment gain (Plessas 2014). In scaling and root planning procedure, antibiotics have been used as adjunct microbial therapy in periodontal pockets through systemic or topical administration (Leszczyńska et al., 2011). According to literature, deep periodontal pockets pose a great challenge for nonsurgical periodontal treatment and in cases where surgical therapy cannot be undertaken, SRP alone may not be sufficient. Bacteria that penetrate the gingival tissue may not be eliminated by mechanical instrumentation hence local and systemic antibiotics are used as an adjunctive modality (Ahad et al., 2016).
The application of non-surgical or surgical periodontal therapy in certain cases as well as antimicrobial therapy however is not wholly successful. In addition to its unwanted side effects, the rise of antimicrobial resistance among patients with severe periodontitis necessitates new strategies in managing periodontal inflammation (Kwon et al., 2021). Based on a recent report in the management of periodontitis, the use of the highest dosage of antibiotic for the shortest duration of time should be considered by clinicians in order to reduce the risk of antibiotic resistance (McGowan et al., 2018). Other major disadvantages that are related to systemic administration are the availability of insufficient concentration of the drug in gingival crevicular fluid and disturbance of intestinal microflora related to the use of antibiotics. Recent studies have also suggested the use of antimicrobial photodynamic therapy (aPDT) as an adjunct to nonsurgical treatment of deep periodontal pockets, however controversial results were reported. Available evidence on aPDT is still scarce due to the low number of controlled studies and high heterogeneity in the study outcome (Salvi et al., 2020; Zhao et al., 2021).
Natural compounds with the capability to modulate host inflammatory response have gained considerable research attention (Palaska et al., 2013). Host modulation therapy (HMT) using anti-inflammatory and antioxidant agents has been investigated and explored as a non-invasive therapeutic approach for periodontitis (Preshaw 2018; Sulijaya et al., 2019). Plant-derived polyphenols have been known to possess antimicrobial, anti-inflammatory, immunomodulatory and antioxidant properties contributing to its benefits in human health. Such characteristics have been reported as the biological mechanisms involve in reducing the initiation and progression of periodontal inflammation. In vitro and in vivo studies demonstrated that polyphenol possesses an antimicrobial and immunomodulatory potential in treating and preventing periodontitis (Bunte et al., 2019). However, the use of systemic route administration in particular may yield limited results on account of poor pharmacokinetics and pharmacodynamics properties of polyphenol (Hoda et al., 2019). Despite its great potential, polyphenolic compounds have been associated with limited bioavailability mainly due to its low solubility, poor stability in the gastrointestinal tract (GIT) and low intestinal permeability as well as its extremely short plasma half-life (Lu et al., 2016).
Besides continuing the search for new agents that have anti-inflammatory or bone-regeneration properties, the development of slow-release agents is highly desirable to prevent this prevalent and costly disease. The economic burden of periodontitis is highly associated with its prevalence and cost of treatment and in fact is comparable with that of other chronic diseases (Mohd-Dom et al., 2014; Mohd Dom et al., 2016). One of the strategies to overcome the limitations related to polyphenol bioavailability and to enhance its therapeutic applications is by incorporating them into nanoparticles (Conte et al., 2016; Abdul Rahim et al., 2019). The therapeutic potential of polyphenol in managing periodontal inflammation from recently published studies is discussed and the effects of different polyphenol-loaded nanoparticles are highlighted in this present review.
HOST IMMUNE AND INFLAMMATORY RESPONSES IN PERIODONTAL INFLAMMATION
Gingivitis and periodontitis are the two most common gum diseases that affect periodontal tissues and the supporting structures of a tooth (Hasturk et al., 2012). Gingivitis is most commonly caused by bacterial plaque accumulation on the tooth surface resulting in gum inflammation. In gingivitis, the inflammatory condition is restricted to the soft-tissue area of the gingival epithelium and connective tissue without affecting the deeper compartments of the periodontium. Nonetheless, gingivitis may progress and develop into periodontitis, and therefore it is also considered as the prerequisite for the onset of periodontitis (Murukami et al., 2018). Periodontitis is a chronic multifactorial inflammatory disease characterized by progressive destruction of the periodontal supporting tissue including periodontal ligament and alveolar bone. It is indicated by gingival inflammation, clinical attachment loss, alveolar bone loss that could be assessed by radiography, presence of periodontal pocket and gingival bleeding (Papapanou et al., 2018).
Activation of Host Immune and Inflammatory Responses
Inflammation is an innate immune response of the body intended to eliminate the initial cause of tissue injury. Inflammatory responses play a major role in our body defence system against pathogens that also involve wound healing. Hence, inflammation is vital for our health and survival. The mouth provides a suitable environment for the growth of microorganisms. Thus, bacteria are present constantly in the mouth and some of these bacteria can trigger inflammatory response and implicated in oral disease. Most of the cases in periodontal disease are originated from bacterial dental plaque or biofilm accumulated on the teeth that induce host periodontal tissues inflammatory response (Hajishengallis et al., 2020). Both chronic gingivitis and periodontitis are chronic lesions that display inflammation and attempts at healing (Hasan and Palmer 2014).
The earliest process of inflammation involves its response against the invading microorganisms. In a susceptible host, invasion of periodontal pathogens particularly a group of specific Gram-negative anaerobic species in subgingival dental biofilm including Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola may result in chronic inflammation. These complex bacteria are predominantly found in deep periodontal pockets of patients with periodontitis (Kwon et al., 2021). The major component of the most Gram-negative bacteria present in the oral biofilm particularly lipopolysachharide (LPS) along with other virulence factors cause stimulation of mast cells and the release of vasoactive amines that cause vasodilation of blood vessels. The release of preformed tumour necrosis factor α (TNF-α) causes a subsequent release of inflammatory mediators in the gingival tissue (Hasturk et al., 2012; Yucel-Lindberg & Båge 2013). The chemoattractant proteins (chemokines) generated at this stage results in the initiation of the first line of defence, which are neutrophils that move and migrate to the site of microbial invasion. This process leads to the release of lysosomal enzymes that may also contribute to tissue degradation (Ge et al., 2015). Neutrophil infiltration is then followed by the activation of macrophages. Macrophages activation play a critical role in the elimination of the invaded bacteria, recruitment of other cells to the site of infection, removal of neutrophils excess, production of cytokines and chemokines and activation of lymphocyte-mediated adaptive immunity (Hasturk et al., 2012).
As lymphocytes and macrophages further invade the tissue, collagen content in gingiva is degraded but the bone at the site of lesion may still be intact. At this point, the associated damage is still reversible as it is still possible for gingival tissues to undergo repair and remodelling. In complete resolution with healing, the outcome of the inflammatory process can be restricted or cleared by the role of neutrophils and macrophages. The destructive inflammatory lesion that results in loss of local collagen due to accumulation of polymicrobial biofilm at the gingiva of the teeth is reversible upon resolution of the inflammation (Van Dyke et al., 2020). At this stage, the process of fibrosis and scar tissue formation may limit the infection but failure to clear the infection might establish a chronic inflammatory lesion.
Progression From Gingivitis to Periodontitis
It is noted that gingivitis is a major risk factor for periodontitis and it may develop into periodontitis in disease-susceptible individuals in which the host response is ineffective and dysregulated (Yucel-Lindberg and Båge 2013; Hajishengallis 2015). The pathogenesis of periodontal disease can be generally categorized into four stages, based on histopathological examination of the development of periodontal inflammation due to plaque accumulation. These stages are called 1) the initial, 2) the early, 3) the established, and 4) the advanced lesions. The advanced lesion which is also known as the destructive phase is clinically recognised as periodontitis where the inflammation extends deeper, with the formation of periodontal pocket, clinical attachment loss, collagen and bone loss (Hasan and Palmer 2014). The “established lesion” can persist for many years and the progression to an “advanced lesion” marks the transition from chronic and successful defence mechanism to destructive immunopathological mechanism or periodontitis. Recently, a new periodontitis classification scheme has been adopted according to the staging and grading system. Classification of periodontitis based on stages is dependent upon the severity of disease at presentation and the complexity of disease management. Meanwhile, classification of periodontitis based on grades reflect biologic features of the disease including analysis of the rate of periodontitis progression, risk for further progression, possibility of poor treatment outcomes and assessment of the risk that the disease or its treatment could affect the systemic health of the patient (Papapanou et al., 2018).
The exact factors that are responsible for the progression of periodontal diseases are unknown but chronic periodontal diseases involve the interaction of several components, which are the bacterial product or the pathogenicity factor, various cell populations and inflammatory mediators (Yucel-Lindberg and Båge 2013). Interaction between the host and microflora with time may result in dysbiosis of microbiome and dysregulation of host inflammation (Hajishengallis 2015). Colonization of Gram-negative bacteria up to 80% in the gingival sulcus during the establishment of periodontal disease form subgingival plaque, leading to periodontal pockets formation and gum recession (Palaska et al., 2013). Among the major pathogens, A. actinomycetemcomitants are more commonly detected in high levels in patients with aggressive periodontitis (Teles et al., 2013). The growth of pathogenic microbes within the dental plaque produces substances that could exacerbate inflammation, which may then lead to tissue destruction and even tooth loss. The immune-inflammatory mechanism in periodontal diseases is in part controlled by an individual’s susceptibility and interaction with environmental factors (Lamont et al., 2018).
The destruction of periodontal tissue and bone resorption are contributed by cellular activation, inflammatory mediators including cytokines, chemokines, prostaglandins and proteolytic enzymes particularly matrix metalloproteinases (MMP). The progression of periodontitis involves the release of prominent cytokines such as TNF-α, which is also involved at the early stage of inflammatory cascade, and IL-1 that are produced by the B-cell/plasma cell (Pan et al., 2019). These two cytokines may induce a number of inflammatory mediators such as IL-6, IL-8, MMP and prostaglandin E2 (PGE2), which is the most prominent prostaglandin implicated in the pathogenesis of periodontitis. IL-1 exerts different biologic effects on different cells and is an important biological mediator of autoimmune and inflammatory diseases. It plays a crucial role in both innate and adaptive immunity. Among first members of IL-1 identified include IL-1α and IL-1β (Dinarello 2018). 11 known members of IL-1 includes molecules with agonist activity such as IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, and IL-36γ), receptor antagonists of IL-1Ra, IL-36Ra and two anti-inflammatory cytokines which are IL-37, and IL-38 (Dinarello 2018).
Dental biofilm dysbiosis will stimulate the release of IL-1 proinflammatory cytokines including IL-1α, IL-1β, IL-18, IL-36 from the oral junctional epithelium. These proinflammatory signals combined with bacterial products in the periodontal tissues in turn will stimulate both innate and adaptive immunity response. Hence, both complexes will promote release of inflammatory cell mediators into the periodontium (Papathanasiou et al., 2020). Virulence properties of periodontal pathogens such as lipopolysaccharides, stimulates the release of both IL-1α and IL-1β form oral epithelial cells hence resulting in periodontal destruction. Recently, it has been demonstrated that host defense peptides (HDPs) released from the gingival epithelium leading to accumulation of mast cells (MCs) that induces release of more pro-inflammatory cytokines. Therefore, enhancing further breakdown of periodontal tissue (Chompunud et al., 2020). IL-1β upregulates MMPs secretion hence contributing to augmented vasodilation, chemotaxis of inflammatory cells and degradation of collagen. In addition, osteoclastogenesis is also enhanced leading to elevated activity of bone resorption. A study reported that within gingival biopsies of active periodontal disease, there was reduced expression of inflammasome regulators while expression of messenger RNA (mRNA), NLRP3 and IL-1β were amplified (Aral et al., 2020).
Dendritic cells (DCs) release IL-18 that stimulates differentiation of T helper 1 cell (Th1) and T helper 17 cell (Th17) which in turn upregulates the release of IL-17, TNF-α, and IL-1β, hence contributing to further periodontal destruction. Elevated release of IL-1 proinflammatory has been associated with increased receptor activator of nuclear factor-κB ligand (RANKL) release, thus inducing osteoclasts progenitors responsible for alveolar bone resorption in periodontitis. However, IL-1 family members possessing anti-inflammatory properties play a defence role in periodontitis. Here, they will alleviate the magnitude of periodontal inflammation (Papathanasiou et al., 2020). The production of PGE2 by the immune cells, fibroblasts and other resident gingival cells is associated with the formation of osteoclast via RANKL upregulation and osteoprotegerin (OPG) inhibition (Belibasakis & Guggenheim 2011).
Since the development of periodontitis is mediated by bacterial-induced inflammation that lead to an excessive host response, the use of conventional mechanical therapy and pharmacological adjuncts is therefore plausible to control the inflammation (Bartold and Van Dyke 2013). Evidence showed that, adjunctive antibiotics and other anti-inflammatory agents can be effective to inhibit or eliminate periodontopathogenic microorganisms and modulate the inflammatory response of the tissue (Da Rocha Júnior et al., 2015). The use of nonsurgical periodontal therapy with or without antimicrobials remains as standard of care that could mechanically removes dental biofilm but targeting only microbes does not equally favourable in all periodontal patients (Preshaw 2018). In addition, the use of adjunctive antibiotics is associated with the unwanted side effects and should only be recommended for progressive disease (Tilakaratne and Soory 2014). Some of the side effects associated with the most commonly used antibiotics in managing periodontal disease include nephritis, gastrointestinal problems, increased risk of allergy, allergic signs on the skin, disturbance in the nervous system and electrolytes imbalance (Heta and Robo 2018).
This is where other agents with similar properties and biological effects with fewer side effects can take its place in improving and managing periodontitis. In fact, One of the promising therapeutic approaches in managing periodontitis particularly in individuals with a higher risk for periodontitis is by modulation of host inflammatory mediators. The term ‘host modulation therapy’ was initially introduced by Golub et al., 30 years ago (Golub et al., 1998). In the last decades, the efficacy of HMT using anti-inflammatory and antioxidant agents in periodontitis was explored. The two major HMT categories accepted include firstly the modulation of the host’s inflammatory response via inhibition or resolution and secondly modulation of host’s pathologic collagenolytic response within the periodontal soft tissue along with alveolar bone (Van Dyke, 2017; Golub et al., 2018). The adjunctive use of host modulatory agents has been postulated to have a positive implication on the progression of periodontal disease particularly in susceptible patients and in individuals whom conventional therapeutic approach is ineffective (Balta et al., 2021). Recently, polyphenols have been documented to cause immunomodulatory effects by downregulating the proinflammatory cytokines, IL-1 and IFN-γ which could be beneficial to be used as adjunct therapeutic approaches in reducing the burden of various inflammatory diseases (Shakoor et al., 2021).
ROLE OF POLYPHENOLIC COMPOUNDS IN MANAGING PERIODONTAL INFLAMMATION
In recent years, polyphenolic compounds are among plant-derived phytochemicals that have gained remarkable attention due to their low toxicity, compared to allopathic drugs in the treatment of inflammatory diseases (Bellik et al., 2013). Polyphenols are secondary reactive metabolites, and they are abundant in plant-derived food, particularly fruits, seed and leaves. Polyphenols represent a wide variety of active compounds that are divided into several major categories based on the number of phenol rings and their structural elements (Belščak-Cvitanović et al., 2018). They are sub-categorized into phenolic acids (hydrobenzoic and hydroxycinnamic acid), flavonoids (flavones, flavonols, flavanols, isoflavones, flavanones, anthocyanins), stilbenes (resveratrol, piceatannol), lignans (sesamol, pinoresinol, sinol, enterodiol), and others including tannins (hydrolysable, non-hydrolysable, and condensed tannins), lignins, xanthones, chromones, anthraquinones (Singla et al., 2019).
Preservation and maintenance of periodontal health is an important component of oral and overall health (Baehni et al., 2010). A substantial number of studies have been done to ascertain the use of polyphenol as an adjunct to managing inflammatory conditions and hence support its role in the prevention and treatment of periodontal disease. Basically, these natural compounds regulate the inflammatory signalling by modifying the expression of several pro-inflammatory genes in addition to their antioxidative potential (Yahfoufi et al., 2018). In vitro and in vivo studies have demonstrated that the immune modulatory effect of polyphenols is particularly contributed by its potential in modulating immune cells populations, cytokines production and pro-inflammatory genes expression.
Apart from that, a number of studies supported the antimicrobial effect of polyphenols against a variety of pathogens including periodontal pathogens in complex biofilms. Ideally, prevention and treatment of periodontal diseases should also consist of strategies to eliminate or reduce these biofilms. Dietary polyphenols have been reported to have bacteriostatic/bactericidal activity against microbial species such as P. gingivalis (Basu et al., 2018). Since periodontal illnesses are inflammatory diseases of bacterial origin, anti-inflammatory and anti-microbial properties of polyphenols may anticipate various biological mechanisms for reducing the initiation and progression of periodontitis. In this review, we presented several polyphenolic compounds that have been reported to have remarkable anti-inflammatory properties particularly in an experimental model of periodontitis. Antibacterial properties of the selected polyphenolic compounds were also described in the current review.
Quercetin
Quercetin is categorized as a flavonol, one of the six subclasses of flavonoids compounds (Li et al., 2016). The antimicrobial and anti-inflammatory properties of quercetin have been found to be effective to restrict inflammatory reaction in periodontitis. During acute and chronic inflammation in periodontitis, high amount of TNF-α generated by activated macrophages may lead to periodontal tissues degeneration (Noh et al., 2013). A study by Xiong et al. (2019) has demonstrated that all three doses of quercetin (5, 10 and 20 μM) attenuated the production of inflammatory mediators including TNF-α, IL-1β, IL-6, and IL-8 in Porphyromonas gingivalis (P. gingivalis) LPS-treated human gingival fibroblast. In addition, quercetin has been found to suppress LPS-induced nuclear factor kappa-B (NF-κB) activation in a dose-dependent manner (Xiong et al., 2019). Suppression of these inflammatory mediators and its signalling pathway could restrict the initiation and progression of periodontal disease (Muniz et al., 2015).
In an earlier study, Cheng et al. (2010) investigated the effect of quercetin on experimental periodontitis induced by LPS injection and silk ligation (Cheng et al., 2010). The study has reported that 5 days of oral quercetin treatment at the dose of 75 mg/kg reduced LPS-induced osteoclast formation, ligature-enhanced periodontal inflammation and subsequent alveolar bone loss. Inflammation was induced in the quercetin-administered group but not severe enough to cause alveolar bone loss as evidenced from bone micro-computerized tomography (μ−CT) evaluation. Quercetin decreased the area of inflammatory cell infiltration in connective tissue and narrowed connective tissue attachment. However, the findings also reported a similar attachment loss in both ligation and the ligation-plus-quercetin groups. The results indicated that alveolar bone loss may be prevented in the experimental periodontitis but quercetin was unable to prevent attachment loss, which questioned the beneficial effects of quercetin. The author postulated that the study duration might not be sufficient to observe the effect of quercetin on long-term attachment loss in chronic periodontitis.
In another study, the anti-inflammatory properties of 100 mg/kg quercetin were evaluated using a mouse periodontitis model induced by inoculation of A. actinomycetemcomitans (Napimoga et al., 2013). Subcutaneous treatment with quercetin has been found to reduce gingival pro-inflammatory cytokines (IL-1, TNF-α, IL-17), and down-regulate adhesion molecule ICAM-1 and osteoclastogenic cytokine RANKL production in A. actinomycetemcomitans-induced alveolar bone loss. Alteration in cell-mediated and humoral levels of adaptive immune defence is thought to be involved in the development of experimental bacterial-immune inflammation in periodontal tissue. The potential of quercetin in reducing bone loss was also demonstrated in a study by Taskan and Gevrek (2020). Osteoblastic activity was increased while osteoclastic activity, apoptosis and inflammation were decreased in ligature-induced periodontitis rats treated with quercetin. A study by Demkovych et al. (2021) was carried out to investigate the effects of quercetin on adaptive immunity in relation to the development of experimental bacterial-immune periodontitis. Intramuscular injection of water-soluble quercetin at a dose of 100 mg/kg for 7 days was found to normalize the cellular adaptive immunity indices and reverse the inflammatory process in the periodontal complex.
It was suggested that the inhibition of periodontal pathogen virulent factor could hamper the progression of periodontitis, prevent and control periodontal inflammation. The effect of quercetin on P. gingivalis virulent pathogenicity was demonstrated in a study by He et al. (2020). The study found that quercetin inhibits virulence and physiological properties of P. gingivalis as indicated by gingipain, hemolytic and hemagglutination activity. Quercetin also could modulate cell surface hydrophobicity, aggregation, biofilm formation and virulence gene expression. These findings suggested that quercetin might be beneficial in the treatment of periodontitis as it could impair the pathogenicity of P. gingivalis, a keystone pathogen for periodontal disease. Table 1 summarized the effects of quercetin in periodontal inflammation, in vivo and in vitro.
TABLE 1 | The effects of quercetin in periodontal inflammation, in vivo and in vitro.
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Resveratrol (trans-3,4,5-trihydroxystilbene) is a common stilbene found in berries, grape skin and in other plants (Gambini et al., 2015). Resveratrol has attracted substantial attention, as it possesses remarkable biological properties and this could be due to its molecular structure that confers its ability to bind to many biomolecules. Based on its promising anti-inflammatory and antioxidant properties, resveratrol has been studied for its prophylaxis and therapeutic potential in controlling periodontal disease. Resveratrol was shown to have a favourable effect on vascular inflammation induced by periodontal pathogen, P. gingivalis as it was able to inhibit NF-κB-dependent cell adhesion molecules in monocyte adhesion to the endothelium (Park et al., 2009). Casati et al. (2013) studied the effect of resveratrol that was administered continually on the progression of experimental periodontitis. Findings of the study showed that bone-loss value in ligated molars and unligated teeth in the control group were higher than in the treatment group that was administered with 10 mg/kg resveratrol for 30 days (19 days before periodontitis induction and 11 days after ligature placement). Resveratrol treated group also showed lower concentration of IL-17 in the gingival tissue. Modulation of IL-17 levels in gingival tissue that presents ligature-induced experimental periodontitis suggests the possible biologic mechanism of resveratrol during periodontal inflammation.
It is known that periodontitis is a multicomponent disorder that affects the supporting structures of the teeth including periodontal ligament and the alveolar bone. Bone loss values were found insignificant between resveratrol, curcumin and the combined groups in a study of continuous curcumin and resveratrol administration against the progression of experimental periodontitis. When compared with the placebo group, the concentration of IL-1 was lower in the combined group as revealed by immune-enzymatic assays. However, resveratrol, curcumin and combined groups showed higher IL-4 levels when compared to placebo group. The reduction in IFN-γ level was only observed in the resveratrol group and the difference in TNF-α levels among groups were not significant. Whether agents were added singly or in combination, both poplyphenolic compounds were able to attenuate alveolar bone loss in the experimental model of periodontitis. Nonetheless, the effects were neither synergistic nor additive (Corrêa et al., 2017). In another study, resveratrol derivative-rich melinjo seed extract was found to have a potent impact on inflammation-induced bone loss in a murine model of established periodontitis as indicated by a reduction in osteoclast differentiation (Ikeda et al., 2018) The production of IL-1β in gingival tissue was reduced but no significant changes in IL-6, TNF-α, and IL-17 levels were observed.
The antibacterial effects of resveratrol against periodontal pathogens P. gingivalis, T. forsythia and A. actinomycetemcomitans were studied by Cirano et al. (2016) in experimental model of periodontitis. The study however found that resveratrol does not exert positive effects on microbiological outcomes suggesting other mechanisms could contribute to its promising effect in controlling periodontitis. Nevertheless, in a recent study, resveratrol has been found to prevent biofilm formation and inhibit the virulence properties of P. gingivalis by reducing the expression of virulence factor genes including fimbriae and proteinases (Kugaji et al., 2019). The effect of resveratrol in in vivo and in vitro model of periodontal inflammation has been summarized in Table 2.
TABLE 2 | The effects of resveratrol in periodontal inflammation, in vivo and in vitro.
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Curcumin, a yellow-coloured compound with low molecular weight is the main polyphenols extracted from the rhizome of turmeric plant, Curcuma longa L., (family: Zingiberaceae) (Wilken et al., 2011). This natural polyphenol has attracted considerable attention due to its nontoxicity and it has been used to treat various inflammatory diseases since long ago. Curcumin (diferuloylmethane) makes up 2–5% of turmeric and no adverse effects were found when it is given even as high as 8 g/day (Bhatia et al., 2014). Therapeutic potential of curcumin was observed in controlling inflammation and bone resorption in periodontitis. The antioxidant, antimicrobial, anti-inflammatory and analgesic properties of curcumin make them a suitable candidate for the management of periodontal diseases (Forouzanfar et al., 2020).
The possible mechanisms of curcumin involved in the suppression of periodontal disease reported in the existing studies are mainly based on its antibacterial and anti-inflammatory properties. In vitro studies have shown that curcumin can inhibit various periodontal pathogens growth such as A. actinomycetemcomitans, F. nucleatum, and P. gingivalis and the formation of biofilms (Shahzad et al., 2015). Curcumin has been found to have anti-biofilm and high antibacterial activity against P. gingivalis, which is considered as the main pathogen and major colonizer in host tissues (Shahzad et al., 2015; Izui et al., 2021; Kumbar et al., 2021). On the other hand, curcumin has low antibacterial activity against S. mitis, which is a part of the normal flora in the oral cavity and exert no threat to oral health. This result suggested that curcumin may have selective antimicrobial properties. In gene expression studies done by Kumbar et al. (2021), the virulence of P. gingivalis was reduced by curcumin as indicated by a reduce expression of genes coding for major virulence factors including adhesions and proteinases.
The occurrence and development of periodontitis involve the production of a vast number of inflammatory mediators. A recent study carried out by Xiao et al. (2018) showed that the production of IL-β and TNF-α were attenuated in rat gingival fibroblasts supplemented with 10 and 20 μM curcumin. The ratio of OPG/RANKL and the activation of NF-κB induced by LPS in vitro were also inhibited. In the same study, an in vivo ligation-induced experimental periodontitis showed that curcumin at the dose of 30 and 100 μg/g could alleviate gingival inflammation and modulated collagen fibre and alveolar bone loss as observed in histological and micro-CT results. An earlier study by Zhou et al. (2013) reported that intra-gastric curcumin administration at the dose of 100 mg/kg for 30 days could reduce alveolar bone loss in ligature-induced experimental periodontitis through the suppression of RANKL/RANK/OPG expression and its inflammatory properties (Zhou et al., 2013). Moderate bone resorption and root exposure, and mild bone loss were observed microscopically in curcumin treated animals. The expression of TNF-α and IL-6 in the gingival tissues of experimental rats treated with curcumin was significantly lower than the experimental periodontitis animal. In line with this study, several other studies also reported that curcumin can modulate the inflammatory response, suppress the pro-inflammatory cytokines particularly TNF-α and IL-6 in ligature-induced experimental periodontitis rat model (Guimarães et al., 2011) and LPS-induced periodontitis rat model (Guimaraes et al., 2012). Though curcumin is effective in inhibiting cytokine gene expression at mRNA and protein levels, the inhibition of NF-κB in the gingival tissue was only observed in the lower dose of curcumin (30 mg/kg), whereas p38 MAPK activation was not affected in both doses. Alveolar bone resorption was not prevented by daily dose of intragastric curcumin administration (30 and 50 mg/kg) for 15 days but its potential anti-inflammatory effect suggests their therapeutic potential in periodontal disease. Table 3 summarized the effects of curcumin in periodontal inflammation, in vivo and in vitro.
TABLE 3 | The effects of curcumin in periodontal inflammation, in vivo and in vitro.
[image: Table 3]Proanthocyanidins
Proanthocyanidins are condensed tannins that take the form if oligomers or polymers of monomeric flavan-3-ols produced as an end product of flavonoid biosynthesis pathway (Rauf et al., 2019). The flavan-3-ols are catechin, epicatechin or their substituted derivatives. It is termed as condensed tannins for its capability to form insoluble complexes with carbohydrates and proteins (Balalaie et al., 2018). Proanthocyanidins are highly hydroxylated structures that is categorized according to the number of hydroxyl substitutions in the B ring in which one hydroxyl substitution refers to propelargonidin, two hydroxyl substitution refers to procyanidin and three hydroxyl substitution refers to prodelphinidin. The therapeutic potential of proanthocyanidins emerges from their unique chemical structure (Luca et al., 2020).
The antibacterial activity of proanthocyanidins has been substantially reported in literature (Nawrot-Hadzik et al., 2021). A study by Savickiene et al. (2018) revealed that proanthocyanidins had a unique antibacterial property that could selectively targets the keystone periodontal pathogens viability such as P. gingivalis while preserving the beneficial oral commensal S. salivarius. Lagha et al. (2018) reported the antibacterial and anti-biofilm effects of proanthocyanidins against A. actinomycetemcomitans. The treatment with proanthocyanidins reduced the growth of A. actinomycetemcomitans and resulted in a loss of bacterial viability as indicated by the damage to the bacterial cell membrane. Proanthocyanidins also possessed an anti-biofilm activity against P. aeruginosa as reported by Ulrey et al. (2014) and its anti-virulence potential was further investigated in a study by Maisuria et al. (2016).
Apart from its ability to inhibit biofilm formation and adhesion of periodontopathogenic bacteria, the therapeutic effect of proanthocyanidins with regards to periodontal disease include its potential to inhibit cytokine production by immune and mucosal cells and its capability to inhibit MMP production (Bonifait and Grenier 2010). Their capability to inhibit MMP and dentin cross-linker activity have been reported as an additional notable benefit of proanthocyanidins (Balalalie et al., 2018). The anti-inflammatory properties of proanthocyanidins were revealed by the attenuation of pro-inflammatory cytokines secretion (IL-1β, TNF-α, IL-6) as well as MMP-3 and MMP-9 secretion by macrophages stimulated with A. actinomycetemcomitans (Lagha et al., 2018). In another recent study, Jekabsone et al. (2019) demonstrated a strong antibacterial, anti-inflammatory and gingival tissue protecting properties of proanthocyanidins in periodontitis mimicking condition. Proanthocyanidins fraction has been found to have a stronger efficiency in suppressing caspases as indicated by the level of caspase-3 and caspase-8, and preventing mediator release as indicated by IL-8 and PGE2 secretion from gingival fibroblast, and IL-6 secretion from peripheral blood mononuclear cells. In an earlier study, proanthocyanidins-enriched cranberry fraction has been shown to inhibit the production of MMP-3 and MMP-9 in LPS-induced gingival fibroblasts (Bodet et al., 2007). Gingival fibroblasts, the most abundant cells found in periodontal tissues are actively involved in the host inflammatory response to oral pathogens and is known to mediate local tissue destruction in periodontal disease. The productions of IL-6, IL-8 and PGE2 by gingival fibroblast stimulated by LPS were inhibited with the treatment of proanthocyanidins-enriched cranberry fraction (Bodet et al., 2007). The effects of proanthocyanidins in in vivo and in vitro model of periodontal inflammation has been summarized in Table 4.
TABLE 4 | The effects of proanthocyanidins in periodontal inflammation, in vivo and in vitro.
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Despite promising biological activities of natural polyphenol, several limitations have been addressed in relation to their bioavailability. The absorption of polyphenolic compounds is negatively affected by its molecular size and their pharmacokinetics is modified by pre-systemic metabolism and gastric environment, which is highly acidic (Neves et al., 2012). Polyphenols were metabolized extensively during their transport across the small intestine and liver causing remarkable alteration of the redox potential. Consequently, the small proportion of polyphenolic compounds that are available following oral administration limits the activity and beneficial health effects of polyphenols. For instance, only a trace amount of curcumin available in blood plasma even after high dose intake, and after rapid metabolization of orally administered curcumin, they form several reduced products in the intestine and is most excreted in the urine and faeces (Niu et al., 2012). Low solubility and stability, short biological half-life and rapid elimination of polyphenolic compounds hinder their clinical application and thus lead the way towards the establishment of systems that could deliver these substances effectively.
The potency of many species of medicinal plants is determined by the availability of the active compounds. Recent research has proposed to combine herbal medicine with nanotechnology because nanoencapsulated particles are expected to potentiate the action of the plant extracts, reduce the required dose and undesirable effects as well as improving its activity (Bonifácio et al., 2014). Nanomedicine is an on-going research area that applies nanotechnology to medical intervention for prevention, diagnosis and treatment of diseases (Chang et al., 2015). Nanotechnology involved the production, processing, and application of particles with diameter ranging from 1 to 1,000 nm (Etheridge et al., 2013). Encapsulation is a process that incorporates an active compound or substances within a carrier material or another substance (Nedovic et al., 2011). The goal of encapsulation is to reduce the damage of sensitive and labile bioactive agents and to protect them from unwanted circumstances (Jafari 2017). Nanoencapsulation is then can be defined as a process of encapsulating a substance within another material at sizes on the nano-scale.
The incorporation with nanoparticles would basically protect the substances against chemical and enzymatic degradation (Muhamad et al., 2014). Nanoparticles have been used in advanced drug delivery systems as the size and surface characteristics of nanoparticles can be manipulated easily which prompt the use for passive and active drug targeting. In addition, nanoscale drug delivery systems could also enhance the solubility of hydrophobic compounds in aqueous medium. Since the biodistribution and clearance of substances from the body can be altered, the therapeutic efficacy can be increased and reduction in side effects can be achieved by the use of nanoparticles as carrier (Liang et al., 2017). Collectively, the nanoencapsulation process aims to enhance the properties of active compounds and to transport them to the target destinations more effectively (Esfanjani and Jafari 2016). Basically, the drug is made active in the targeted area at pre-determined release rate over a period of time (Harini & Kaarthikeyan 2014).
The process of encapsulating one compound to another involves several methods according to their chemical, physical and physiochemical properties (Conte et al., 2016). Chemical nanoencapsulation refers to polymerization of monomers through the addition of a cross-linker in the external phase while physical nanoencapsulation involves the interaction of the vector material with the encapsulated molecules when both are aerosolized or atomized (Wais et al., 2016). Physiochemical processes involve the formation of stable nanometre size drug nano-suspensions or nanoparticles through the reduction of particle size (Merisko-Liversidge & Liversidge 2011). Nanocarriers for phenolic compounds can be roughly divided into polysaccharide- and protein-based delivery systems (Milinčić et al., 2019). Substances such as cyclodectrins, polymeric nanoparticles, nanomicelles, food-protein nanoparticles, zein nanoparticles, gelatin nanoparticles and films, chitosan, lipid nanocarriers, or protein-polysaccharide complex nanoparticles are suitable to be used as carriers for nanoencapsulation of polyphenolic compounds. The interactions between polyphenol and nanocarrier can improve its bioavailability, prevent extensive degradation in the GIT, enhance its delivery to the targeted sites, or even provide stability during the storage or processing. Hence, the application of polyphenol-loaded nanoparticles is an interesting means to improve their overall activity.
NANOPARTICLES MEDIATED DELIVERY IN MANAGING PERIODONTAL INFLAMMATION
Nanoencapsulation of polyphenolic compounds could overcome the drawbacks related to its instability, limited bioavailability and short half-life in vivo and in vitro (Fang and Bhandari 2010). The most frequently encapsulated polyphenols reported are quercetin, catechins, epigallocatechin, epigallocatechin-gallate (ECGC), curcumin, eugenol and tea polyphenols (Milinčić et al., (2019). The incorporation of these polyphenols with nanoparticles could be one of the promising approaches to enhance their efficacy as therapeutic agents for managing periodontal diseases.
Rutin is a glycoside that comprise of flavonolic aglycone quercetin along disaccharide rutinose (Ganeshpurkar and Saluja 2017). Rutin or rutin glycoside of quercetin has been reported to have a number of pharmacological activities including anti-inflammatory and antioxidant properties (Wang et al., 2019). The mechanism in which it inhibits oxidative stress and inflammatory reactions in animal models is through the regulation of MAPK pathway (Ganeshpurkar and Saluja 2017). Xu et al. (2020) evaluated the therapeutic effect of local rutin application on gingiva of periodontitis rats. In the study, rutin was incorporated with poly-lactic-co-glycolic acid (PLGA) nanoparticles by chemical precipitation method to improve its bioavailability and to make it more targeted. PLGA is among the widely used biodegradable organic polymer as it has a good biocompatibility, non-toxic and has passed FDA certification. Findings of the study showed that local application of rutin-loaded PLGA nanospheres inhibit the inflammatory reaction in LPS-induced periodontitis that may be due to downstream target effect of rutin combined with prostaglandin endoperoxide synthase 2 and downregulation of NFκBIα.
In a recent study by Wang et al. (2019), the incorporation of quercetin onto nano-octahedral ceria by chemical bonding has been found to be efficient in reprogramming pro-inflammatory macrophages to the anti-inflammatory phenotype that eventually could alleviate inflammation. Post subgingival injection of quercetin-loaded nanoceria was also found efficient to decrease local periodontal inflammation in a rat model of periodontitis induced by P. gingivalis injection. This study discovered that quercetin and cerium oxide (CeO2) nanoparticles (nanoceria) have synergistic and intense regulation on host immunity against periodontal disease. It is well documented that macrophage serves as the first line of host immune defense against periodontal pathogen infection as it is involved during the onset and resolution of inflammation (Yu et al., 2016). This nanocomposite was able to modulate the phenotypic switch of macrophages by inhibition of M1 (pro-inflammatory) polarization and also promotion of M2 (anti-inflammatory) polarization. Previously, quercetin has been proven to be able to modulate macrophage that eventually gives rise to efficient anti-inflammatory activity (Li et al., 2016; Hu et al., 2019). In the recent study, CeO2 nanoparticles were shown to inhibit the polarization of M1 macrophage by suppressing the inflammatory cytokines expression and arresting NF-κB signal pathway (Selvaraj et al., 2015). It has been reported that quercetin could also drive M2 phenotype macrophage polarization (Tan et al., 2020) and this is crucial as M2 macrophage activation could down-regulate gingival inflammation, prevent alveolar bone loss and more interestingly promote periodontal tissue regeneration. Incorporation of quercetin with cerium oxide nanoparticle may exhibit great potential in treating periodontitis.
Though resveratrol is well tolerated by humans, it is rapidly metabolized, leading to a short half-life and insubstantial effectiveness (Cottart et al., 2010). Researchers have mainly focused on increasing the absorption of resveratrol by increasing the residence time and lengthening its activity by incorporating it in biopolymers and lipids (Augustin et al., 2013; Sessa et al., 2014). A study by Giménez-Siurana et al. (2020) evaluated the therapeutic potential of silk fibroin nanoparticles loaded with resveratrol in diabetic-induced periodontitis. The link between periodontitis and other systemic diseases such as diabetes has been widely reported. Proinflammatory factors specifically IL-6, IL-1β and TGF-1β are implicated in both diseases. In the recent study, the levels of IL-1β and IL-6 were significantly decreased with the administration of resveratrol-loaded silk fibroin nanoparticles in the experimental animal. The reduction of these two significant proinflammatory cytokines indicates the recovery from periodontitis (Corrêa et al., 2017). This effect is contributed not solely by silk fibroin nanoparticles but also due to the anti-inflammatory activity exhibited by polyphenol resveratrol that has undergone an encapsulation process (Giménez-Siurana et al., 2020).
The therapeutic potential of curcumin on pathologic bone resorption in vivo may be dependent on the dose, route of administration and the type of experimental model used (De Almeida Brandão et al., 2019). The heterogeneity of findings associated with the use of natural curcumin may also be contributed by other variables such as the source, type of vehicle and the pharmacokinetic-related issues including their short half-life and low absorption rate in the GIT. Different encapsulation techniques such as curcumin-based nanoparticles formula and curcumin structure modification are among the latest approaches that can be applied to increase the bioavailability of curcumin in vivo but studies are still scarce. The use of alternative vehicles such as lipid-, chitosan- or hydrolysed corn protein associated nanoparticles formulation can be used to improve the pharmacodynamics and biological properties of curcumin (Shome et al., 2016; Wang et al., 2016). A study by Zambrono et al. (2018) reported the effect of curcumin-loaded nanoparticle in LPS-induced model of experimental periodontal disease but instead of using systemic route, this study investigates the local administration of polylactic acid and co-glycolic acid nanoencapsulated curcumin. These locally administered nanoparticles showed 15 times increase of curcumin half-life in the plasma of rats (Khalil et al., 2013). Apart from that, the application of nanoparticles also enables chemical modification that could specify its absorption in the given tissue or cell type and modify their absorption process to avoid macropinocytosis and liposome degradation or allow the tracking of its sub-cellular localization by the covalent binding with fluorescent molecules (Paka and Ramassamy 2017). Local application of nanocurcumin by direct injection into the gingival tissues twice a week in the LPS-induced model was shown to inhibit inflammatory bone resorption indicated by micro-CT analysis (Zambrano et al., 2018). This finding is explained by the reduction of osteoclast numbers, neutrophils (PMNs) and mononuclear cells numbers as indicated by histomorphometric analysis. The reduction of inflammatory cells infiltration suggests the anti-inflammatory effect of local nanocurcumin administration and this result is further supported by the attenuation of both signalling pathways in the gingival tissues, the p38 MAPK and NF-κB. In the earlier studies, systemic administration of curcumin in lipid vehicles was found to inhibit NF-κB activation but not p38 MAPK in LPS-induced experimental periodontitis (Guimarães et al., 2011; Guimaraes et al., 2012).
Tea is very rich in polyphenolic compounds mainly flavonoids including epicatechin (EC), epigallocatechin, epicatechin-3-gallate (ECG) and apigallocatechin-3-gallate (EGCG) (Kanwar et al., 2012). In dentistry, the use of catechin for the treatment of dental caries, periodontal and pulp diseases have been documented (Azmi et al., 2020). However, like other polyphenolic compounds, issues on its poor stability and low operational bioactivities lead to the unsatisfactory effect of tea polyphenol. Since previous methods of encapsulating tea polyphenol require tedious procedure, Tian et al. (2021) have developed a one-step polyphenolic condensation reaction that functionalized EGCG, the green tea derivative nanoparticles. The potent antioxidant capacity of EGCG-based nanoparticles was found to improve the chemical stability of epigallocatechin gallate. In addition, EGCG-based nanoparticles also provide more effective ROS scavenging activity and the expression of pro-inflammatory cytokines is down-regulated by reprogramming macrophages from pro-inflammatory M1 to anti-inflammatory M2 phenotype (Tian et al., 2021). In vivo findings showed that subgingival injection of EGCG nanoparticles could inhibit the alveolar bone loss and reduce osteoclastic activity in ligature-induced chronic periodontitis model in rats. EGCG nanoparticles have been found to remove ∼50% ROS in vivo more efficiently and safely. Down-regulation of the inflammatory cytokines and stimulation of macrophages differentiation to anti-inflammatory phenotype eventually prevent alveolar bone loss. In light of these findings, the development of ECGC-based nanomaterial provides better biocompatibility and anticipates an effective antioxidant defence mechanism for the treatment of chronic periodontitis. Table 5 summarizes recent studies on the effects of nanopolyphenols/nanoencapsulated polyphenols in the application of periodontal inflammation. Figure 1 illustrate the potential effect of polyphenol nanoencapsulation on the main cellular pathways involved in periodontal inflammation.
TABLE 5 | In vivo and in vitro effects of nanopolyphenols/nanoencapsulated polyphenols.
[image: Table 5][image: Figure 1]FIGURE 1 | Diagrammatic representation of the nanoencapsulated polyphenols effect on the main cellular pathways involve in periodontal inflammation.
CONCLUSION
In the recent decades, phytochemicals, particularly polyphenols have been reported to have a remarkable therapeutic effect in preventing and/or treating inflammatory diseases. From the preclinical studies, polyphenol showed potential to modulate host immune and inflammatory profile in periodontal disease. However, poor water solubility, stability and bioavailability render the biological effects of polyphenol and limit their future clinical application. These drawbacks can be tackled by the application of nanosize delivery systems, which could increase the solubility and stability of phytochemicals and eventually improve their absorption. In addition, this delivery system could protect the substances from untimely enzymatic degradation or metabolism in the body and hence lengthen their circulation time. This review on the application of polyphenol-loaded nanoparticles may be useful for the enhancement of phytochemical efficacy as therapeutic agents in managing periodontal disease. A number of recent studies have investigated the pharmaceutical significance and therapeutic applicability of nanoparticles advance delivery system in improving and enhancing in vitro and in vivo performance of polyphenolic compounds, but much has yet to be explored. Comparative studies on advance delivery systems for the delivery of polyphenolic compounds and studies on safety/toxicity profile of polyphenol-loaded nanoparticles are warranted to bring the anti-inflammatory phytochemicals closer to the clinical applications.
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α2-macroglobulin-rich serum as a master inhibitor of inflammatory factors attenuates cartilage degeneration in a mini pig model of osteoarthritis induced by “idealized” anterior cruciate ligament reconstruction
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Post-traumatic osteoarthritis is a special type of osteoarthritis and a common disease, with few effective treatments available. α2-Macroglobulin (α2M) is important to chondral protection in post-traumatic osteoarthritis. However, its injection into xenogeneic joint cavities involves safety hazards, limiting clinical applications. Exploring serum α2M-enriching strategies and the therapeutic effect and mechanism of α2M-rich serum (α2MRS) autologous joint injection to treat post-traumatic osteoarthritis has significant value. In the present study, a unique filtration process was used to obtain α2MRS from human and mini pig serum. We evaluated the potential of α2MRS in protecting against post-surgery cartilage degeneration. We identify the potential of α2MRS in reducing the expression of inflammatory cytokines and factors that hasten cartilage degeneration in post-operative conditions leading to post-traumatic osteoarthritis. The potential of α2MRS was analyzed in interleukin-1β induced human chondrocytes and mini pig models. In the chondrocyte model, α2MRS significantly promoted human chondrocyte proliferation and reduced apoptosis and chondrocyte catabolic cytokine gene transcription and secretion. The anterior cruciate ligament autograft reconstruction model of mini pigs was randomized into groups, operated on, and injected with α2MRS or saline. The results showed that α2MRS injection significantly suppressed the levels of inflammatory factors, improved gait, and showed significantly lower cartilage degeneration than the groups that did not receive α2MRS injections. This study highlights the chondroprotective effects of α2MRS, elucidated its potential applications against cartilage degeneration, and could provide a basis for the clinical translation of α2MRS.
Keywords: osteoarthritis, α2M-rich serum, anterior cruciate ligament, articular cartilage, inflammation, mini pig
INTRODUCTION
Anterior cruciate ligament (ACL) rupture, one of the most common joint injuries in young people, is conventionally treated using surgical ACL reconstruction (ACL-R). However, even with the best surgical techniques available, these patients remain at a high risk for post-traumatic osteoarthritis (PTOA) (Barenius et al., 2014; Björnsson et al., 2016; Wang et al., 2020). Recently, researchers developed an “idealized” ACL autograft reconstruction (IACL-R) model (Bryan et al., 2011; Han et al., 2018). Notably, the authors found that cartilage degeneration still occurred despite this reconstruction and concluded that there was a significant correlation between the expression of inflammatory factors and cartilage injury. Moreover, other studies have indicated that catabolic proteases and cytokines reach their peak levels within 48 h after joint injury, initiating cell death and cartilage matrix degeneration (Lieberthal et al., 2015; Heard et al., 2016; Maerz et al., 2018). Thus, early intervention to reduce the expression of these catabolic proteases and cytokines is critical to prevent or delay cartilage degeneration.
α2-macroglobulin (α2M), a tetrameric macromolecular glycoprotein, is mainly synthesized and secreted into the body fluids by liver epithelial parenchymal cells (Rehman et al., 2013). To date, α2M has been shown to play an important role in the diagnosis of diseases, prediction of liver fibrosis staging (Ho et al., 2010), non-invasive diagnosis of type II diabetes (Chung et al., 2016), and the treatment of various diseases, including alleviating pain in subacromial bursitis, lateral epicondylitis, Achilles tendonitis, spinal intervertebral discogenic (Montesano and Cuellar, 2015; Cuellar et al., 2016), and jaw osteoradionecrosis (Li S. et al., 2019). Moreover, some studies have demonstrated that supplemental intra-articular α2M provides chondral protection in PTOA (Wang et al., 2014; Zhang et al., 2017; Li et al., 2019). However, α2M is expensive. More importantly, the long-term injection of α2M, a blood protein component, into the xenogeneic joint cavity involves safety hazards, such as immune rejection, which limits its clinical application. This study used ultrafiltration centrifugation to explore suitable centrifugation conditions, in an attempt to enrich α2M in serum, and finally prepare α2M-rich serum (α2MRS). The ultimate purpose of the α2MRS preparation is for clinical application and disease prevention and treatment. Therefore, its biological safety, efficacy, and specific mechanism of action need to be accurately evaluated and verified. We hypothesized that α2MRS could significantly reduce the expression of inflammatory factors in synovial fluid, promote early recovery of the gait, and effectively attenuate cartilage degeneration. This study will greatly promote the translation of α2MRS for clinical applications.
MATERIALS AND METHODS
Patient samples and experimental animals
All procedures in this study, including in vitro and in vivo experiments, were approved by the Ethics Committee of the Second Hospital of Shanxi Medical University (NO. SYDL2019001). Human chondrocytes used in this study were derived from the articular cartilage library of Shanxi Key Laboratory of Bone and Soft Tissue Injury Repair. All patients provided informed consent, and all procedures were approved by the Ethics Committee of the Second Hospital of Shanxi Medical University (NO. 2019YX260). Based on the purpose of this study, under the guidance of statistical experts, the number of samples numbersin this study was six. For the in vitro experiments, a sample size of six was used. For the in vivo experiments, the number of animals in each group was determined as six. Patient baseline characteristics were as follows: age, 64 ± 3.38 (years); sex, female (n = 4)/male (n = 2); height, 163 ± 3.53 (cm); weight: 65 ± 3.85 (kg). Mini pigs were purchased from the Beijing Shichuang Century Mini pig Breeding Base (Certificate number: SCXX (jing)2013-0008). All animals were housed at the China Institute for Radiation Protection (Certificate number: SYXK (Jin)2016-0002).
Reagents
The following antibodies were used in this study: collagen-2 (Col-2, ab34712, Abcam), matrix metalloproteinase -3 (MMP-3, bs-0413R, Bioss), MMP-9 (bs-4593R, Bioss), MMP-13 (K009743P, Solarbio), Col-10 (bs-0554R, Bioss), and Runt-related transcription factor 2 (Runx-2, ab76956, Abcam).
α2M concentrate from human serum
Whole blood (13 ml) was collected in a coagulation tube (BD Vacutainer SSTTM II,United States ) and centrifuged at 2,000 × g for 20 min to obtain 6 ml of serum, which was then added to the upper filter of the ultrafiltration tube (Cytonics Corporation, West Palm Beach, Florida, United States ). The upper concentrate was obtained under different conditions of centrifugal force (3,000, 4,000, and 5,000 × g) and time (20, 30, and 40 min). Finally, the best concentration conditions were determined based on the concentration of α2M in the upper concentrate.
Human chondrocyte isolation and primary culture
Human chondrocytes were isolated as previously described (Guo et al., 2019) and plated in 6-well culture plates at a density of 1 × 106 cells/plate. Chondrocytes culture medium was Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) containing 10% fetal bovine serum (Hyclone) At 90% confluence, the cells were cultured overnight under serum-free conditions and then treated with 10 ng/ml recombinant human interleukin (IL)-1β for 2 h before treatment with α2MRS. It was ensured that the concentration of α2M was 0.25 mg/ml in the culture medium. The culture medium and chondrocytes were collected and analyzed.
Elisa assays
α2M concentrations in the upper concentrate under different centrifugal conditions were determined using ELISA (EK1118, Boster Bio, China). The human chondrocyte culture medium was collected 24 h after α2MRS treatment and analyzed for the presence of MMP-13, tumor necrosis factor-α (TNF-α), and IL-6 using ELISA.
Human chondrocyte proliferation and apoptosis assays
Human chondrocyte proliferation was detected at 0, 24, 36, and 48 h using the Cell Counting Kit-8 (CCK-8) cell viability assay kit (Boster Biological Technology, China). Human chondrocytes were collected 24 h after α2MRS treatment and apoptosis was detected using a Terminal transferase dUTP end Labeling (TUNEL) assay kit (Key GEN Bio TECH, China). The percentage of positive cells was determined. The detailed procedure was in accordance with the manufacturer’s protocol.
RNA isolation and real-time PCR assays
mRNA levels of col-2, aggrecan, MMP-3, and MMP-13 in human chondrocyte samples and those plus collagen-10 a1 (col-10 a1) and Runx-2 in minipig cartilage weight-bearing sites of the medial tibial plateau were measured by real-time PCR. Primer pairs are listed in Supplementary Table S1. Levels of gene expression were normalized to 18S rRNA expression. The data were analyzed using the comparison Ct (2−ΔΔCt) method and expressed as the fold-change relative to the respective control. The detailed PCR procedure was described previously (Gu et al., 2019).
Idealized ACL autograft reconstruction surgery
Eighteen mature female mini pigs (age, 18 ± 1.55 months; weight, 43.3 ± 3.67 kg) were randomized into three groups based on animal ear numbers: sham (n = 6), IACL-R (n = 6), and IACL-R+α2MRS (n = 6). All surgeries were performed under anesthesia via an intramuscular injection of 25 mg/ml tiletamine and 25 mg/ml zolazepam (Zoletil 50, 1 ml/15 kg; Virbac Group, Carros, France). Unilateral surgery was performed on the right hind limbs of all mini pigs. Mini pigs in the IACL-R and IACL-R+α2MRS groups were subjected to surgery based on methods described previously (Figure 1; Bryan et al., 2011; Han et al., 2018). The minipigs in the sham group underwent arthrotomy, temporary patellar dislocation, and coring of one-third of the length of the lateral femoral condyle. Specific information on animal care can be found in the Supplementary Text S1.
[image: Figure 1]FIGURE 1 | The surgical procedure performed on the right hind limb of a minipig in the IACL-R and IACL-R+α2MRS groups. (A) The stifle joint was open and the patella was dislocated to expose the ACL (arrow). (B) The ACL reconstruction guide was positioned at a 45° angle (arrow) to the longitudinal axis of the femur. (C) Before the hollow drill was about to penetrate the femoral tunnel, a Kirschner wire (diameter 1 mm) was drilled along outer edge of the tunnel to prevent the cartilage from splitting. (D) The tunnel was gently penetrated by the same diameter thin-walled ring osteotomy to completely severv tendon-bone segment (E) The tendon-bone segment was completely freed (arrow). (F) The tendon-bone segment was fixed in situ with two crossed Kirschner wires.
Mini pig α2MRS reserve
With the help of a veterinarian, 120 ml of whole blood was collected from the anterior vena cava of each mini pig into coagulation tubes before IACL-R. According to the best concentration conditions (centrifugal force: 5,000 × g; time: 30 min), 12–15 ml of α2MRS was obtained per mini pig (marked according to the mini pig ear number), and these samples were frozen at −80°C.
Synovial fluid collection
Synovial fluid from the right hind limbs of all animals was collected preoperatively (day 0) and postoperatively on days 3, 6, 14, 29, and 90. The detailed procedure was described previously (Wei et al., 2010).
Intra-articular injections
Under general anesthesia, intra-articular injections were administered 2, 6, 14, and 29 days post-surgery using a sterile syringe. Under aseptic conditions, 2.5 ml autologous α2MRS was injected into the right hind limbs of mini pigs in the IACL-R+α2MRS group on the indicated days. Animals in the sham and IACL-R groups were administered an equivalent volume of saline.
Luminex assay
The Millipore Porcine Cytokine Magnetic Bead Panel (EMD Millipore, No. PCYTMAG-23K) was used to measure the levels of IL-1α, IL-1β, IL-2, IL-6, IL-8, IL-18, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF). Luminex assays were performed as previously described (Han et al., 2018).
Gait assessment
Six gait indicators related to biomechanics—maximum force, contact area, peak force, impulse, stance time, and swing time—were determined using the Tekscan Walkway system (Tekscan Inc., United States ) (Rashid et al., 2013; Shah et al., 2020). To rule out individual differences in learning skills and walking states, each animal was subjected to over ten successful training sessions per day for ten consecutive days before the surgery, and all indicators were expressed as the ratio of the average values for the left hind limb divided by the average values for the right hind limb (Ruan et al., 2013). Gait data were collected preoperatively (day 0) and postoperatively on days 7, 15, 30, 45, 60, 75, and 90. All results obtained were the average of five successful repeated walkway trials performed at each time point for each animal.
Imaging assessment
Three months after the surgery, the mini pigs were euthanized with a pentobarbital overdose, and their right hind limbs were severed from the hip joint. Each right hind limb semi flexed was immediately subjected to X-ray examination, computed tomography (CT), three-dimensional CT reconstruction (3D CT), and magnetic resonance imaging (MRI). The specific imaging parameters are listed in Supplementary Text S2.
We determined the Kellgren-Lawrence grade of the right hind limb of each animal by examining the X-ray image (Kellgren and Lawrence, 1957; Misir et al., 2020). The CT values and thickness of the subchondral bone plate were determined (Hu et al., 2020). To avoid interference by metal artifacts, we obtained CT scans of only the middle sagittal plane from the medial femoral condyle and medial tibial plateau of the right hind limb. We also determined the whole-organ MRI score (WORMS) of the medial femoral condyle and medial tibial plateau of the right hind limb (Pozzi et al., 2015; Xue et al., 2021).
Macroscopic cartilage and osteophyte assessment
Macroscopic damage to the articular cartilage surfaces and osteophyte formation on the medial femoral condyle, medial tibial plateau, lateral femoral condyle, lateral tibial plateau, and trochlea were scored according to the Osteoarthritis Research Society International (OARSI) recommendations for sheep and goats (Little et al., 2010)
Histological assessment
Cartilage samples were obtained by drilling (φ8 mm; MOC Medizinische Geräte Gmbh, Fedderingen, Germany) the weight bearing site of the medial femoral condyle. The cartilage tissue sections (6 µm) were stained with safranin O and fast green as previously described and scored according to the recommendations of OARSI (Little et al., 2010). Furthermore, we collected synovium samples from inside the joint capsule. Synovium sections (4 µm) were stained with hematoxylin and eosin (H&E) as previously described and scored according to the OARSI recommendations (Little et al., 2010). Vertical meniscus slices from the middle region of the medial meniscus were processed and stained using H&E and scored according to the protocol detailed by Pauli et al. (2011).
Immunohistochemical assessment
Immunohistochemical analysis was conducted as reported previously (Li et al., 2020). Briefly, to detect the distribution of the target protein, 6-μm thick cartilage tissue sections from the medial femoral condyle were collected on positively-charged glass slides. Endogenous peroxidase was blocked by treating the sections with 3% hydrogen peroxide in methanol. The sections were incubated with specific antibodies against Col-2 (1:500), MMP-3 (1:200), MMP-9 (1:100), MMP-13 (1:100), Col-10 (1:50), and Runx-2 (1:50) at 4 °C overnight. Thereafter, the sections were treated sequentially with a biotinylated secondary antibody and streptavidin–peroxidase conjugate and then developed with 3,3′-diaminobenzidine chromogen. Quantitative immunohistochemical analysis was performed using an imaging analyzer.
Statistical analysis
The SPSS statistical software (version 13.0) was used to analyze the collected data. Differences in gaits and inflammatory factor levels between the preoperative (day 0) and postoperative time points in the same group were analyzed using multiple comparisons of repeated measurement data. Differences in human chondrocytes, minipig gait, inflammatory factor levels, CT values, thicknesses of the subchondral bone plate T2 values, and quantitative immunohistochemical analysis at the same time point among the different groups were estimated using one-way analysis of variance. Differences in macroscopic cartilage and osteophyte scores; microscopic cartilage, synovium, and meniscus scores; and WORMS were estimated using nonparametric tests (Wilcoxon rank-sum test). Differences in Kellgren-Lawrence grades were estimated using Fisher probabilities. Statistical significance was set at p < 0.05.
RESULTS
All animals recovered from anesthesia and were fully awake within 3-5 h after the surgery. There were no instances of infection or immune rejections.
Concentration analysis of α2M in different concentrates from human and mini pig
As the centrifugal force increased and centrifugation time was prolonged, human α2M concentrations in the upper concentrate increased correspondingly (Table 1). Considering different factors, such as protein biological activity and concentrate volume, the concentration effect of α2M under the conditions of centrifugation at 5,000 g for 30 min was ideal. For human α2MRS, the concentration of α2M was 11.13 mg/ml, which was 4.88-fold higher than that in normal human serum. In mini pigs, the concentration of α2M was 12.32 mg/ml, which was 6.48-fold higher than that in normal pig serum (Figure 2A).
TABLE 1 | Human α2M concentrations in the upper concentrate under different centrifugal conditions (mg/ml) (Mean ± SD, n = 6).
[image: Table 1][image: Figure 2]FIGURE 2 | (A). Human and mini pig α2M concentrations after centrifugation at 5,000 g for 30 min. Human: serum: 2.28 ± 0.26 mg/ml; upper concentrate: 11.13 ± 0.90 mg/ml; filtration fluid: 0.000049 ± 0.00001 mg/ml; mini pigs: serum: 1.90 ± 0.46 mg/ml; upper concentrate: 12.32 ± 1.97 mg/ml; filtration fluid: 0.000053 ± 0.000008 mg/ml. (B–D). α2MRS significantly inhibited the induction of MMP-13,TNF-α and IL-6 in IL-1β induced human primary osteoarthritic chondrocytes. (E) The CCK-8 assay results showed that the viability of chondrocytes was higher in IL-1β+α2MRS group relative to that in the IL-1β group, and the viability gradually increased with a longer treatment time. (F) TUNEL assay results showed that apoptosis (red) was reduced in the IL-1β+α2MRS group seem to that in the IL-1β group. The bottom panels are higher-magnification views of the boxed areas in the top panels (G) The percentage of TUNEL-positive cells was quantified, and the apoptosis rate of chondrocytes was significantly reduced in the IL-1β+α2MRS group relative to that in the IL-1β group. * = p < 0.05, control group versus IL-1β group; # = p < 0.05, control group versus IL-1β+α2MRS group; and = p < 0.05, IL-1β group versus IL-1β+α2MRS group. The bars show the mean ± SD (n = 6).
Human chondrocyte culture medium analysis
ELISA results demonstrated that exogenous α2MRS significantly inhibited the induction of MMP-13 (p = 0.001), TNF-α (p = 0.005), and IL-6 (p < 0.001) activity in IL-1β-induced human primary osteoarthritis chondrocytes (Figures 2B–D).
Human chondrocyte proliferation and apoptosis analysis
α2MRS promoted the proliferation and reduced the apoptosis of human chondrocytes in vitro. The results of the CCK-8 assay showed that the viability of chondrocytes was higher in the IL-1β+α2MRS group than in the IL-1β group (p < 0.001), and the viability gradually increased with treatment time (Figure 2E). The results of the TUNEL assay showed that apoptosis was significantly reduced in the IL-1β+α2MRS group (18.33% ± 5.71%) relative to that in the IL-1β group (32.33% ± 7.23%; p < 0.001; Figures 2F,G).
Real-time PCR analysis
Real-time PCR data indicated that supplementation with α2MRS reduced cartilage matrix catabolism and enhanced anabolic metabolism in vitro (Figures 3A–D) and in vivo (Figures 3E–J). mRNA levels of MMP-3 (p < 0.001), MMP-13 (p < 0.001), Col-10 a1 (p = 0.001), and Runx-2 (p < 0.001) were lower in the IL-1β+α2MRS and IACL-R+α2MRS groups than in the IL-1β and IACL-R groups. In contrast, mRNA levels of Col-2 (p < 0.001) and aggrecan (p < 0.001) showed the opposite pattern. Both were increased in the IL-1β+α2MRS and IACL-R+α2MRS groups as compared to the levels in the IL-1β and IACL-R groups, respectively.
[image: Figure 3]FIGURE 3 | Real-time PCR data indicated that supplementation with α2MRS reduced cartilage matrix catabolism and enhanced anabolism in-vitro (A–D) and in-vivo (E–J). mRNA levels of MMP-3 (p < 0.001), MMP-13 (p < 0.001), Col-10 a1 (p = 0.001), and Runx-2 (p < 0.001)were lower in IL-1β+α2MRS and IACL-R+α2MRS groups than in IL-1β and IACL-R groups respectively. In contrast, mRNA levels of Col-2 (p < 0.001) and aggrecan (p < 0.001) followed the opposite pattern. Both were increased in IL-1β+α2MRS and IACL-R+α2MRS groups as compared to levels in IL-1β and IACL-R groups. * = p < 0.05, control group versus IL-1β group or sham group versus IACL-R group; # = p < 0.05, control group versus IL-1β+α2MRS group or sham group versus IACL-R+α2MRS group; and = p < 0.05, IL-1β group versus IL-1β+α2MRS group or IACL-R group versus IACL-R+α2MRS group. The bars show the mean ± SD (n = 6).
Inflammatory factor analysis
Postoperatively, changes in the levels of inflammatory factors in different groups, except for IL-18 in the IACL-R group, showed similar trends; the levels markedly increased in the early stage and then decreased significantly. The IL-2 concentration in the IACL-R group subsequently showed an increasing trend from day 30 to day 90. The concentrations of inflammatory factors, including IL-1β, IL-6, IL-18, TNF-α, and GM-CSF, in the IACL-R and IACL-R+α2MRS groups after surgery were significantly higher than those before surgery (p < 0.001). The concentration of all tested inflammatory factors other than IL-1α after surgery was significantly lower in the IACL-R+α2MRS group than in the IACL-R group, and a significant difference in peak concentrations was observed in all factors (p < 0.001). Moreover, the peak concentrations of all detected inflammatory factors, other than IL-18 in the IACL-R group, appeared within 3–14 days after surgery (Figure 4).
[image: Figure 4]FIGURE 4 | Line charts of inflammatory factors in synovial fluid. (A): IL-1α; (B) IL-1β; (C) IL-2; (D) IL-6; (E) IL-8; (F) IL-18; (G) TNF-α; (H) GM-CSF. * = p < 0.05, sham group versus IACL-R group at the same time point; # = p < 0.05, sham group versus IACL-R+α2MRS group at the same time point; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group at the same time point. a = p < 0.05, preoperative (day 0) versus postoperative (days 3, 6, 14, 29, and 90) in the sham group; b = p < 0.05, preoperative (day 0) versus postoperative (days 3, 6, 14, 29, and 90) in the IACL-R group; c = p < 0.05, preoperative (day 0) versus postoperative (days 3, 6, 14, 29, and 90) in the IACL-R+α2MRS group. The bars show the mean ± SD (n = 6)
Gait assessment
Across all groups, the ratios of all gait parameters of the left hind limb to those of the right hind limb initially showed an increasing trend, followed by a decreasing trend, except in the IACL-R group, which showed another increasing trend toward the end. In the IACL-R group, no gait parameters, from day 45 until day 75, differed significantly from those on day 0 (p > 0.05). In the IACL-R+α2MRS group, no gait parameters, from day 30 until euthanasia, differed significantly from those on day 0 (p > 0.05) (Figure 5).
[image: Figure 5]FIGURE 5 | Line charts of gait analysis. (A)Maximum force; (B)Contact area; (C)Peak force; (D)Impulse; (E)Stance time; (F) Swing time. * = p < 0.05, sham group versus IACL-R group at the same time point; # = p < 0.05, sham group versus IACL-R+α2MRS group at the same time point; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group at the same time point. a = p < 0.05, preoperative (day 0) versus postoperative (days 7, 15, 30, 45, 60, 75, and 90) in the sham group; b = p < 0.05, preoperative (day 0) versus postoperative (days 7, 15, 30, 45, 60, 75, and 90) in the IACL-R group; c = p < 0.05, preoperative (day 0) versus postoperative (days 7, 15, 30, 45, 60, 75, and 90) in the IACL-R+α2MRS group. The bars show the mean ± SD (n = 6)
The ratios of the left hind limb to the right hind limb of all gait parameters were similar and close to one for symmetry and did not differ significantly in all groups before surgery (p > 0.05). Meanwhile, the postoperative ratios of the left hind limb to the right hind limb of the gait parameters were significantly greater than one in all groups, and the values in the IACL-R group were significantly greater than those in the other two groups other than swing time, especially on days 7 and 15 (p < 0.001). The ratios of the left hind limb to the right hind limb of the gait parameters were close to one on days 45 and 60, indicating that there were no significant differences among the groups (p > 0.05). On day 75, this ratio increased only in the IACL-R group whereas it remained constant in the sham and IACL-R+α2MRS groups. On day 90, all gait parameters other than swing time (p = 0.345) significantly differed between the IACL-R group and the other two groups (p < 0.001; Figure 5).
Imaging assessment
The X-ray examinations showed that joint degeneration in the IACL-R group was relatively noticeable. The joints had a blurred border and mild osteophyte formation compared with those in the IACL-R+α2MRS group (Figure 6A). The Kellgren-Lawrence grades did not significantly differ among the three groups (p > 0.05; Table 2). Three-dimensional CT reconstruction showed that all joint surfaces were relatively smooth and flat in the IACL-R+α2MRS group compared to the IACL-R group. Osteophyte was seen on both sides of the patellofemoral joint in the IACL-R group (Figure 6B). Both the medial femoral condyle (p < 0.001) and medial tibial plateau (p < 0.001) showed significant differences in CT values in the subchondral bone plate between the sham and IACL-R groups. In addition, significant differences in CT values were found between the IACL-R+α2MRS and IACL-R groups in the medial femoral condyle (p = 0.028; Figure 6D). Significant differences in the thickness of the subchondral bone plate were found only between the sham and IACL-R groups in the medial tibial plateau (p = 0.020; Figure 6E). MRI OSag-fs PD showed that cartilage continuity was better without obvious local defects in the IACL-R+α2MRS group than in the IACL-R group (Figure 6C, left). WORMS of the medial femoral condyle (p = 0.006), medial tibial plateau (p = 0.014), and sum (p = 0.004) were significantly lower in the IACL-R+α2MRS group than in the IACL-R group (Figures 6G–I; Supplementary Table S2). Osag T2MAP showed that regular orange-red layers were more obvious in the IACL-R+α2MRS group than in the IACL-R group (Figure 6C, right). The T2 values of the medial femoral condyle (p < 0.001) and medial tibial plateau (p < 0.001) were significantly lower in the IACL-R+α2MRS group than in the IACL-R group (Figure 6F).
[image: Figure 6]FIGURE 6 | Imaging assessments (A): X-ray examination;(B): three-dimensional CT reconstruction;(C): MRI examination (left: Osag fs PD; right: Osag T2MAP). (D): The CT values of the subchondral bone plate. sham group (medial femoral condyle, 724.2 ± 62.95; medial tibial plateau, 830.3 ± 71.26); IACL-R group (medial femoral condyle, 517.7 ± 83.89; medial tibial plateau, 621.2 ± 83.57); IACL-R+α2MRS group (medial femoral condyle, 630 ± 66.9; medial tibial plateau, 719.2 ± 76.73). (E): The thickness of the subchondral bone plate. sham group (medial femoral condyle, 1.46 ± 0.14; medial tibial plateau, 1.72 ± 0.19); IACL-R group (medial femoral condyle, 1.25 ± 0.19; medial tibial plateau, 1.41 ± 0.20); IACL-R+α2MRS group (medial femoral condyle, 1.35 ± 0.24; medial tibial plateau, 1.54 ± 0.19). (F): Quantification of the T2 values obtained using MRI sag T2MAP.Sham group (medial femoral condyle, 39.5 ± 3.62; medial tibial plateau, 42 ± 3.41); IACL-R group (medial femoral condyle, 62 ± 4.78; medial tibial plateau, 57 ± 3.58); IACL-R+α2MRS group (medial femoral condyle, 48.67 ± 3.45; medial tibial plateau, 48.17 ± 1.94). (G–I): Quantification of the MRI OSag fs PD results using the WORMS guidelines. The white arrows indicate irregularities, osteophytes, and cartilage defects. * = p < 0.05, sham group versus IACL-R group; # = p < 0.05, sham group versus IACL-R+α2MRS group; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group. The bars show the mean ± SD (n = 6).
TABLE 2 | Kellgren-Lawrence grades on X-ray examination at 3 months (n = 6).
[image: Table 2]Macroscopic cartilage and osteophyte assessment
Compared to that in the IACL-R group, cartilage degeneration was relatively low and no obvious cartilage defects or large erosions were found in the IACL-R+α2MRS group (Figure 7A). OARSI scores of macroscopic cartilage were significantly lower in the IACL-R+α2MRS group than in the IACL-R group (p = 0.031; Figure 7B; Supplementary Figures S1A–E; Supplementary Table S2). Mild irregular protrusions were found only on sides of the trochlea in the IACL-R group (Figure 7A). No differences were found in the OARSI sum scores of the osteophyte among the three groups (p = 0.438; Figure 7C; Supplementary Figures S1F–J; Supplementary Table S2).
[image: Figure 7]FIGURE 7 | (A): Images of the trochlea, femoral condyle, and tibial plateau for the macroscopic cartilage and osteophyte assessment according to OARSI guidelines. The white arrows indicate cartilage damage, irregularities, and osteophytes. (B): Macroscopic cartilage score were lower in the IACL-R+α2MRS group than in the IACL-R group (p = 0.031). (C): Macroscopic osteophyte scores did not differ among the different groups (p = 0.438). * = p < 0.05, sham group versus IACL-R group; # = p < 0.05, sham group versus IACL-R+α2MRS group; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group. The bars show the mean ± SD (n = 6).
Histological assessment
Less decreases in safranin O staining and surface fibrillation were observed in the IACL-R+α2MRS group as compared to the IACLR-group (Figure 8A). The microscopic OARSI cartilage scores were lower in the IACL-R+α2MRS group than in the IACL-R group (p = 0.015; Figure 8B; Supplementary Figures 2A–E; Supplementary Table S2). Based on H&E staining of the synovium, we found mild intimal thickening, low inflammatory cell infiltration, and slight sub-intimal fibrosis and vascularity in the IACL-R+α2MRS group, relative to those in the IACL-R group (Figure 8C). Thus, the microscopic OARSI synovium scores, both total scores (p = 0.002) and single indicator scores, showed that synovial damage was lower in the IACL-R+α2MRS group than in the IACL-R group (Figure 8D; Supplementary Figures S2F–I; Supplementary Table S2). H&E staining of the meniscus also revealed mild surface fibrillation, normal cell distribution, and a normal collagen fiber organization (Figure 8E), and the meniscus score was lower in the IACL-R+α2MRS group than in the IACL-R group (p < 0.001; Figure 8F; Supplementary Figures 2J–L; Supplementary Table S2).
[image: Figure 8]FIGURE 8 | (A) Compared with the IACL-R group, less decrease in safranin O staining and surface fibrillation were observed in the IACL-R+α2MRS group. (B) Microscopic cartilage score were lower in the IACL-R+α2MRS group than in the IACL-R group (p = 0.015). (C) On H&E staining of the synovium, we found less degeneration in the IACL-R+α2MRS group than in the IACL-R group. (D) Microscopic synovium score were lower in the IACL-R+α2MRS group than in the IACL-R group (p = 0.002). (E) On H&E staining of the meniscus, we found less degeneration in the IACL-R+α2MRS group than in the IACL-R group (F) Microscopic meniscus score were lower in the IACL-R+α2MRS group than in the IACL-R group (p < 0.001). * = p < 0.05, sham group versus IACL-R group; # = p < 0.05, sham group versus IACL-R+α2MRS group; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group. The bars show the mean ± SD (n = 6).
Immunohistochemical assessment
Both articular cartilage (Figures 9A,B) and synovium (Figures 9C,D) immunostaining showed that MMP-3 (p < 0.001), MMP-9 (p < 0.001), MMP-13 (p < 0.001), Col -10 (p < 0.001), and Runx-2 (p = 0.001) staining significantly increased in the IACL-R group compared with the IACL-R+α2MRS group. In contrast, Col-2 (p < 0.001) expression in articular cartilage was higher in the IACL-R+α2MRS group than in the IACL-R group.
[image: Figure 9]FIGURE 9 | (A): Articular cartilage immunostaining showed that MMP-3, MMP-9, MMP-13, Runx-2, and Col -10 staining significantly increased in the IACL-R mini pig group but were lower in the IACL-R+α2MRS group. In contrast, Col-2 expression in articular cartilage was higher in the IACL-R+α2MRS group than in the IACL-R group. (B) Quantitative immunohistochemical analysis of articular cartilage. (C) synovium immunostaining showed that MMP-3, MMP-9 and MMP-13 staining significantly increased in the IACL-R mini pig group but were lower in the IACL-R+α2MRS group. (D) Quantitative immunohistochemical analysis of synovium. * = p < 0.05, sham group versus IACL-R group; # = p < 0.05, sham group versus IACL-R+α2MRS group; and = p < 0.05, IACL-R group versus IACL-R+α2MRS group. The bars show the mean ± SD (n = 6).
DISCUSSION
There are various conservative treatment methods for PTOA, including physical therapy, oral drugs, and intra-articular drug injection. Although physical therapy has the advantage of being non-invasive, it is mainly effective for patients with mild symptoms. Owing to the barrier function of the joint capsule, many oral drugs cannot enter the joint cavity to exert an effect. To date, intra-articular drug injection is the most effective method for the treatment of OA. α2M performs complex body functions, including the regulation of cytokine and hormone levels. It can bind several cytokines, including basic fibroblast growth factor, platelet-derived growth factor, nerve growth factor, IL-1β, and IL-6, and regulate the levels of hepcidin and leptin (Rehman et al., 2013). The specific mechanism of α2M has been previously reported by Sottrup-Jensen (Sottrup-Jensen 1989). Notably, recent studies showed that α2M can attenuate PTOA cartilage degeneration (Wang et al., 2014; Zhang et al., 2017; Li et al., 2019). However, α2M is not present in synovial fluid at sufficient levels due to its large molecular weight, which prevents its migration from the blood into the synovial fluid to counteract the increased concentrations of catabolic factors that appear after joint injury (Salvesen and Enghild, 1993). Thus, introducing supplemental α2M in the joint cavity might be a strategy to attenuate cartilage degeneration. However, considering the expense and potential safety concerns of biosynthetic α2M, α2MRS is a promising alternative for PTOA treatment. The results of our study demonstrate, for the first time, that α2MRS, as a master inhibitor of inflammatory factors, can attenuate cartilage degeneration in vitro and in vivo.
First, our in vitro data clearly demonstrated that human α2MRS promotes the proliferation of human chondrocyte, reduces the apoptosis of these, and decreases chondrocyte catabolic cytokine gene transcription and secretion, suggesting that α2MRS is a promising therapy. The ultimate goal of studying α2MRS is its clinical application. Thus, its biological safety and effectiveness need to be accurately evaluated and verified in-vivo.
Other studies have confirmed that significantly elevated inflammatory factors might be crucial for the pathogenesis of PTOA (Maerz et al., 2018; Zhao et al., 2021). There is a significant correlation between the expression of inflammatory factors, such as IL-1β, IL-6, and TNF-α, and cartilage injury (Han et al., 2018). Consistent with this, our findings demonstrated that different inflammatory factors exhibit different trends and could also play different pathogenic roles in the process of PTOA. Previous studies have demonstrated that the peak levels of cartilage catabolic enzymes could be detected on day 2 after joint injury (Zhao et al., 2021). Therefore, the mini pigs in the IACL-R+α2MRS group received the first α2MRS joint cavity injection 2 days after surgery, which inhibited the levels of various inflammatory factors. Luminex results revealed that not only the peak concentrations of inflammatory factors in synovial fluid were significantly reduced but that the speed of decline was also faster in the IACL-R+α2MRS group than in the IACL-R group, which demonstrated the early effect of α2MRS. In addition, gait analysis showed that the gait ratios of the left hind limb to the right hind limb of the IACL-R+α2MRS group were significantly greater than one at 7 days post-surgery, but it was significantly lower than that in the IACL-R group, which further proves the effectiveness of α2MRS. Other research results suggest that the activity of some cartilage catabolic enzymes might have two peaks. The first phase appears after the initial trauma to the joint. The second peak is associated with progressive cartilage degeneration at weeks four and 6 after surgery. Therefore, we repeated α2MRS supplementation, which constantly exerts an inflammation-inhibitory effect, and the inflammatory storm or waterfall effect was interrupted in time (Pan et al., 2016). Therefore, in the later stage (days 30-90) of the experiment, the concentration of inflammatory factors in the synovial fluid in the IACL-R+α2MRS group was maintained at a low level, and no obvious rebound was observed. Gait analysis is a relatively sensitive test for abnormal biomechanics and pain in the knee joint (Muramatsu et al., 2014; Capin et al., 2018; Hughes-Oliver et al., 2018). Compared with preoperative parameters, the gait of the IACL-R group also returned to initial levels, showing no significant difference in the middle stage (days 30-60). We conclude that the IACL-R model can restore the normal gait parameters of the knee joint and indirectly speculate that the ACL might have relatively stable biomechanical and consistent functions in different groups.
The mini pigs in the IACL-R+α2MRS group received α2MRS joint cavity injection four times starting from day 2 after surgery, which resulted in long-lasting inflammation suppression, significantly slowing the degeneration of articular cartilage. Therefore, the final imaging assessment, macroscopic cartilage assessment, and microscopic histological analysis confirmed that the articular cartilage in the IACL-R+α2MRS group was only slightly degenerated. Moreover, our biochemistry data demonstrated that supplemental α2MRS not only inhibited catabolic factors, including MMP-3, MMP-13, Col-10, and Runx-2, but also enhanced Col-2 gene expression and protein synthesis. The increase in collagen suggests that α2MRS might have cartilage-repair functions. This finding is consistent with previous reports (Zhang et al., 2017). Moreover, the results of H&E staining of the synovium and meniscus proved that α2MRS injection into the joint cavity could significantly reduce inflammatory cell infiltration and vascularity, protecting the articular cartilage, synovium, and meniscus. Combining our results with those of other studies (Rehman, 2013), we speculate that α2MRS might act by binding cytokines, in addition to directly neutralizing enzyme activities, but the exact mechanism is not clear. The relative contributions of these mechanisms will be addressed in future studies.
Our study has a few limitations. First, the state of tension in the ACL or biomechanical changes in the knee joint post-surgery are crucial. To date, there is no technology or instrument that can accurately detect the smaller motions between the femur and tibia that are controlled by the ACL. The gait analysis used in this study can only roughly or indirectly assess the biomechanical stability of the knee joint. Second, although the concentration of α2M in α2MRS was 6.48-fold higher than that in normal mini pig serum, α2MRS is in fact a mixture containing extremely complex components. α2MRS was injected into the joint cavity, and proteins other than α2M might also play a role, but the exact mechanism is still unknown. Third, considering the side effects of the multiple anesthesia method used, we do not know the exact trend of inflammatory factor levels during the period from days 29–90 after surgery.
In summary, α2MRS is a promising bioinhibitor of catabolic proteases, and early and multiple injections in the joint cavity after IACL-R can significantly reduce the concentration of inflammatory factors in the joint synovial fluid of mini pigs and the degeneration of articular cartilage, exerting a chondroprotective effect.
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mediated quorum sensing (QS)-regulated virulence
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bacteria

o Inhibit the expression of AHL synthases LasVRnl and QS
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fibroblasts and IL-6 from leukocytes

 BlockL-1p, INOS, and surface presentation of CD80 and CD86
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COX-2 expression in LPS-treated leukocytes

o Inhibit IL-6, IL-8, and PGE2 responses of gingival fibroblasts

 Inhibit fibroblast intracellular signaling proteins, reduce

cyclooxygenase 2 expression
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Challenge: NaCl (control) Lipopolysaccharide (LPS)
Time points post challenge Pool (n = 20) 5h(n-8 24h (0 = 16) 48h(n=16)  72h(n=7-8)
Abs number (x10° cells/BAL)

CD11b" FSCe Alveolar macrophages 19.4 £ 29 16,6 +2.7 463 13.1" 387 £ 102 405+ 96'

CD11b" cells (Myeloid cells) Neutrophils 02:00 28106147 35232202  530%88"" 17£08™
Inflammatory macrophages 16+03 4.1+ 05" 19.1 £ 36" 21.4 £ 34" 78+ 1.4

CD11b™ cells (Lymphoid cels)  NK cells 0.1£00 06 +0.4"" 99+ 16" 6.1 % 1.4 1.7 £ 04
T oels 0200 06+0.1" 6208 107£217 43109
B cells 0000 0.1£00 46+16" 1.8+ 04 02£00°
pDCs 0000 00+00 3409 1.7+ 06" 0100
DCs 0902 0700 1.8+ 04" 18+02" 1302

Note. Acute lung injury (AL) was induced by LPS nebulization in male DBA/1 mice, and flow cytometry analysis of BAL immune inflrates was performed 5, 24, 48, and 72 h after LPS
challenge (n = 716 mice per time point). Control mice received a nebuiization of NaCl 0.9% (n = 20 mice; all time points were pooled). The gating strategy for allimmune populations is
ilustrated in Supplementary Figure S1A. Results are expressed as mean + SEM.

" < 0.05, *p < 0.07,

< 0.001,

< 0.0007 versus control mice using Student t-test.
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Forward primer

5'- AGC CAT GTA CGT AGC CAT CC-3'
5'-TCC TCA CAT CCC TGA GAA CC-3'
5'-GAC GAG ACG GAT AGG CAG AG-3'
5'-CCG GAG AGG AGA CTT CAC AG-3'
5'-CCG GAG AGG AGA CTT CAC AG-3'

Reverse primer

5'- CTC TCA GCA GTG GTG GTG AA-3'
§'- GTC GCA CAC TCT GTT GTG CT-3'
5'-CAC ATG CAA GGA AGG GAA CT-3'
5'-TCC ACG ATT TCC CAG AGA AC-3'

6'- GTG GGT GAG GAG CAC GTA GT- 3'
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Number of expressed genes
Promoters with NR4A sites
Promoters with NF-xB; sites
Promoters with both sites

Early stage Late stage
Induced Repressed Stable Induced Repressed Stable
48 4 28 30 2 51
30 (63%) 1 25%) 10 (36%) 19 (63%) 2 (100%) 22 (43%)
28 (58%) 3(75%) 10 (36%) 16 (53%) 2 (100%) 25 (47%)
18 (38%) 0(0%) 3 (10%) 12 (40%) 2 (100%) 8 (16%)





OPS/images/fphar-13-872736/crossmark.jpg
©

|





OPS/images/fphar-13-835697/crossmark.jpg
©

|





OPS/images/fphar-13-835697/fphar-13-835697-g001.gif
=

‘Chinical Score

Body mass (g)

owr

.

o

.

.

. .
w -

o

st LI





OPS/images/fphar-13-835697/fphar-13-835697-g002.gif
=%
B Early. Established Late.
& EXi P i
c cary csisnod Lo
1 e ]t
° cany Esvisned Lo






OPS/images/fphar-13-835697/fphar-13-835697-g003.gif





OPS/images/fphar-13-842730/fphar-13-842730-g006.gif





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





OPS/images/fphar-13-822833/crossmark.jpg
©

|





OPS/images/fphar-13-822833/fphar-13-822833-g001.gif





OPS/images/fphar-13-822833/fphar-13-822833-g002.gif





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





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





OPS/images/fphar-12-773150/fphar-12-773150-g005.gif





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





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





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






OPS/images/back-cover.jpg
Frontiers in
Pharmacology

Explores the interactions between chemicals and
living beings

The most cited journalin it field, which advances
access to pharmacological discoveries to prevent
and treat human disease.

Discover the latest
Research Topics

Frontiers in

Frontiers

Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersinorg

Contactus

+41(0121 5101700
frontiersinora/about/contact






OPS/images/fphar-13-845959/fphar-13-845959-g002.gif





OPS/images/fphar-13-845959/fphar-13-845959-g003.gif





OPS/images/fphar-13-845959/fphar-13-845959-g004.gif





OPS/images/fphar-13-822833/fphar-13-822833-g006.gif
£ il [
- Hoop-

AL}
.
o

s






OPS/images/fphar-13-822833/fphar-13-822833-g007.gif





OPS/images/fphar-13-845959/crossmark.jpg
©

|





OPS/images/fphar-13-845959/fphar-13-845959-g001.gif





OPS/images/fphar-13-822833/fphar-13-822833-g003.gif
o m————
o ———






OPS/images/fphar-13-822833/fphar-13-822833-g004.gif





OPS/images/fphar-13-822833/fphar-13-822833-g005.gif





OPS/images/fphar-13-866228/fphar-13-866228-g006.gif





OPS/images/fphar-13-866228/fphar-13-866228-g005.gif
©

Eal
o | 2
il
é) §
w 2,
o5 1+t
¢ o oss ossams el 4
oz:“wjzs 6 wfem T
e 4 . \
0L |
& ol |
‘ |
266/ (833 831],/804 478
i W R W e w
. Eu
g1 7 3| =&
e g
S I £
£, o
0SS + 3 pss- 4 ¢
ot [ S
e ww e wq, Wizt
i | P
£ £
H g i
2 2
0SS 1 4+ DS - e+ OSSOt .. pss .ok





OPS/images/fphar-13-866228/fphar-13-866228-g004.gif





OPS/images/fphar-13-866228/fphar-13-866228-g003.gif
s

Bodymeigh crange() @

~ Con
~oss
~ ossems





OPS/images/fphar-13-866228/fphar-13-866228-g002.gif
—figerioin c
s -

e R
e
Cop1[ e |

ASC spack ol

P T

ProL 4| /0

WS L 0 1 5 T
tsengoicn -+ ¢+ v

B LeSwnigercin
NS

>
sy
sos o
—e—
L - N
I T P
=

(Pee-. 2 L,





OPS/images/fphar-13-866228/fphar-13-866228-g001.gif
ey G e
R, R
. .
. o et -
H ws = -5
i ot
£ I -
3 -
@no a5 1 b B @ T b a5 1 b 0@
E - o i
. £ £

NS 0 051 5 10 WS 0 05 1 5 To  MNSGMI 0051 5 10
PSS A





OPS/images/fphar-13-866228/crossmark.jpg
©

|





OPS/images/fphar-13-778755/fphar-13-778755-t001.jpg
Target gene

mL-6
mAL-17A
mL-23
mAL-1p
m-RORyt
mL-10
m-Foxp3
m-TGF-p
m-IFN-y
m-TNF-a
m--actin

Forward sequence (5'-3')

5'-TACCACTTCACAAGTCGGAGGC-3'
5'-CAGACTACCTCAACCGTTCCAC-3
5'-CATGCTAGCCTGGAACGCACAT-3'
5'-TGGACCTTCCAGGATGAGGACA-3'
5'-GTGGAGTTTGCCAAGCGGCTTT-3
5'-CGGGAAGACAATAACTGCACCC-3'
5'-CCTGGTTGTGAGAAGGTCTTCG-3"
5'-TGATACGCCTGAGTGGCTGTCT-3'
5'-CAGCAACAGCAAGGCGAAAAAGG-3'
5'-GGTGCCTATGTCTCAGCCTCTT-3'
5'-CATTGCTGACAGGATGCAGAAGG-3'

Reverse sequence (5'-3)

5'-CTGCAAGTGCATCATCGTTGTTC-3"
5'-TCCAGCTTTCCCTCCGCATTGA-3
5'-ACTGGCTGTTGTCCTTGAGTCC-3
5'-GTTCATCTCGGAGCCTGTAGTG-3"
5'-CCTGCACATTCTGACTAGGACG-3'
5'-CGGTTAGCAGTATGTTGTCCAGC-3'
5'-TGCTCCAGAGACTGCACCACTT-3'
5'-CACAAGAGCAGTGAGCGCTGAA-3'
5'-TTTCCGCTTCCTGAGGCTGGAT-3'
5'-GCCATAGAACTGATGAGAGGGAG-3'
5'-TGCTGGAAGGTGGACAGTGAGG-3'
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Gene name

humen i1
humen tnf-a
human-il-6
humen cxcl10
human-gapoh
mouse-i-1p
mouse-tnfo
mouse-i-6
mouse-cxcl10
mouse-gapdh

Forward primer (5'-3)

CTGTCCTGCGTGTTGAAAGA
TGTAGCAAACCCTCAAGCTG
CCACACAGACAGCCACTCAC
TCTAAGTGGCATTCAAGGAGTACC
GGAGCGAGATCCCTCCAAAAT
TGCCACCTTTTGACAGTGAT
GTCCCCAAAGGGATGAGAAGT
AGTTGCCTTCTTGGGACTGA
GTCTGAGTGGGACTCAAGGGAT
AACAGCAACTCCCACTCTTC

Reverse primer (5'-3')

TTCTGCTTGAGAGGTGCTGA
TTGATGGCAGAGAGGAGGTT
TTTCACCAGGCAAGTCTCCT
GGACAAAATTGGCTTGCAGGA
GGCTGTTGTCATACTTCTCATGG
AAGGTCCACGGGAAAGACAC
TTTGCTACGACGTGGGCTAC
CAGAATTGCCATTGCACAAC
AGGCTCGCAGGGATGATTTC
CCTGTTGCTGTAGCCGTATT
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