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Abstract

:

Imperatorin (IMP) could downregulate several inflammatory transcription factor signaling pathways. Some studies have pointed out that IMP could interfere with toll-like receptor 4 (TLR4) signaling. This study evaluates how IMP interferes with the TLR4 co-receptors signaling through the protein-ligand docking model, Western blotting, immunofluorescence (IF), and atomic force microscopy (AFM) assays in lipopolysaccharide (LPS) stimulated macrophage-like RAW264.7 cells in vitro. The results of the protein-ligand docking demonstrate that IMP interferes with LPS binding to the LPS-binding protein (LBP), the cluster of differentiation 14 (CD14), and the toll-like receptor 4/myeloid differentiation factor 2 (TLR4/MD-2) co-receptors in LPS-stimulated RAW264.7 cells. Compared with TLR4 antagonist CLI-095 or dexamethasone, IMP could suppress the protein expressions of LBP, CD14, and TLR4/MD-2 in LPS-stimulated cells. Furthermore, the three-dimensional (3D) image assay of the AFM showed IMP could prevent the LPS-induced morphological change in RAW264.7 cells. Additionally, IMP could activate the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway, and it increased the antioxidative protein expression of heme oxygenase-1 (HO-1), superoxidase dismutase (SOD), and catalase (CAT). Our results are the first to reveal that the anti-inflammatory effect of IMP interferes with LPS binding to TLR4 co-receptor signaling and activates the antioxidative Nrf2 signaling pathway.
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1. Introduction


Previous reports’ data suggest that Toll-like receptor 4 (TLR4) could be the targeted therapeutics for immunopharmacological regulators of infectious and inflammatory diseases [1]. However, lipopolysaccharide (LPS) is the primary inflammatory pathogen. LPS is recognized in conjunction with the LPS-binding protein (LBP) and transfers to the differentiation 14 (CD14) co-receptor. Then, LPS translocates to the TLR4/myeloid differentiation factor 2 (MD-2) complexing with the transmembrane domain co-receptor and initiates the inflammatory signaling [2,3]. TLR4 activates transcription factors in the intracellular space, such as nuclear factor-κB (NF-κB), activator protein 1 (AP-1), and signal transducer and activator of transcription 3 (STAT3), regulates various inflammatory genes, and activates many infectious and noninfectious diseases [4,5,6]. Several studies have noted that TLR4 expression of isolated monocytes in the presence of inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin 2 (IL-2), interleukin 6 (IL-6), interleukin 8 (IL-8), and interleukin 10 (IL-10) triggers the JAK/STAT signaling pathways [7]. Moreover, many approaches have developed TLR4 antagonists such as TAK-242 (CLI-095), which have advanced to block TLR4 signaling in various diseases such as sepsis, septic shock, rheumatoid arthritis, and lung inflammation [8]. Additionally, dexamethasone (Dexa) treatment could reduce the expression levels of TLR4 and MyD88 [9]. Therefore, the modulation of TLR4 activity is a novel target for the TLR4-mediated inflammatory response, immune disease, metabolic disease, and cancer [10].



It is crucial to notice that TLR4 signal crosstalk with the Nuclear factor erythroid 2-related factor (Nrf2) pathway plays a role in the restoration of internal anti-inflammatory defense and tissue balance after inflammation occurs [11,12]. Previous studies have provided evidence that Nrf2/Heme oxygenase-1 (HO-1) is an antioxidant pathway and that the transcription factor Nrf2 suppresses oxidative stress and induces anti-inflammatory effects in macrophages [13]. Specifically, the phosphatidylinositol 3-kinases (PI3K)/Akt pathway regulates the Nrf2-dependent defense against oxidative stress [14]. In addition, Nrf2 is a transcription factor that is related to the induction of cytoprotective proteins of HO-1, glutathione peroxidase (GPx), superoxidase dismutase (SOD), and catalase (CAT), allowing the elimination of free radicals in cells caused by oxidative damage [15]. Another notable finding is that higher amounts of Nrf2 increased translocation into the nucleus and decreased the cytoplasm protein expression, increasing the antioxidative molecules’ expression [16].



In this study, imperatorin (IMP) was isolated from Notopterygium incisum. However, IMP is distributed in many natural plants and produces anti-inflammatory activity [17]. IMP has been reported as having anti-inflammatory activity. It could downregulate several signaling pathways, including PI3K/Akt, extracellular regulated protein kinase (ERK), reactive oxygen species (ROS), and TNF-α [18,19]. Moreover, IMP suppresses the IκB kinase (IKK)/nuclear factor-κB pathways [20,21]. In addition, IMP can inhibit pro-inflammatory mediators, including inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2). IMP can reduce pro-inflammatory mediators and cytokines via inhibited NF-κB and JAK/STAT signaling pathways in vitro [22]. However, IMP could regulate the Keap-1/Nrf2/HO-1-mediated signaling pathways [23,24]. Moreover, IMP stimulates antioxidant production, including CAT, SOD, and GXs [25]. In computer docking modeling, IMP binds to Keap-1, forms a hydrogen bond, interacts with NH2 of the side chain of N414, and forms two hydrogen bonds with the side chain of S602 and S363 [26]. Moreover, IMP exhibits low bioavailability and has poor intracellular absorption [27]. Therefore, IMP may also occur via the surface receptor to activate downstream signaling pathways.



The fact that IMP can influence serval transcription factors shows that its influence is related to the upstream TLR4 signaling pathway. Therefore, this study aimed to investigate anti-inflammatory effects affecting the TLR4 signaling of IMP in LPS-stimulated RAW264.7 murine macrophage cells in vitro.




2. Materials and Methods


2.1. Materials and Reagents


IMP was isolated from Notopterygium incisum. Lipopolysaccharides (LPS), Dimethyl sulfoxide (DMSO), Dexamethasone (Dexa), Sodium nitrite, Paraformaldehyde, Bovine serum albumin (BSA), sulfanilamide, Phosphoric acid, N-1-naphthyl ethylenediamine dihydrochloride, Sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (MTT), N-1-naphthyl ethylenediamine dihydrochloride, Sulfanilamide, Phosphoric acid, Fetal bovine serum (FBS), Penicillin, and streptomycin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Gibco (Grand Island, NY, USA). ELISA Kits of IL-1β, IL-6, TNF-α, TRIzol™ Reagent, SuperScript™ II Reverse Transcriptase, RNaseOUT™ Recombinant RNase Inhibitor, Hoechst 33258, Alexa Fluor 488, and Alexa Fluor 594 were purchased from Invitrogen (Carlsbad, CA, USA). Primary antibody anti-Akt, p-Akt, Nrf2, SOD1, SOD2, CAT, and HO-1 were purchased from Cell Signaling (Beverly, MA, USA). PGE2 ELISA kit was purchased from Cayman (Ann Arbor, MI, USA). Enhanced chemiluminescence (ECL) was purchased from Perkin Elmer (Waltham, MA, USA). IRdye-labeled NF-κB oligonucleotide was purchased from LI-COR Biosciences (Lincoln, NE, USA).




2.2. Protein–Ligand Docking Analysis


The protein–ligand molecular modeling and computational studies provided insights into the TLR4 co-receptor mechanism and the essential interactions modulating the molecular recognition process of agonist and antagonist ligands [28]. Moreover, recent works indicated that Dexa docked into the DNA binding region of the NF-κB p50 with hydrogen bonding interactions [29]. Virtual molecular screening is usually used for docking small molecules, using the PyRx/AutoDock Vina assembled on the Lamarckian genetic algorithm and the empirical free energy score function [30]. The receptor structures, including the LPS-binding protein (LBP) (PDB: 4M4D), Cluster of differentiation 14 (CD14) (PDB: 4GLP), and TLR4/MD-2 (Myeloid differentiation factor 2) complex (PDB: 3FXI), were obtained from the RCSB Protein Databank [3]. The ligand structures of IMP and Dexa were obtained from PubChem CID: 10,212 and CID: 28,932. It was necessary to set the docking search space of LBP at the N-terminal domain, the primary interaction with LPS [31]. Moreover, we set the docking search space of CD14 at the N-terminal hydrophobic pocket side, which functions with the binding and delivery of various lipid molecules, including LPS [32]. Furthermore, we set the docking search space of the TLR4/MD-2 complex at the LPS binding site of the 3FXI structure [33]. In comparison, the TLR4 antagonists docked in the hMD-2 simulation modeling show that TLR4 can interact with Tyr102 and Arg90 of MD-2 and obtain a stable complex that interferes with LPS in the same binding site of MD-2 [28]. Consequently, docked complexes were visualized and analyzed using the PyMOL Molecular Graphics System (Ver. 2.3 Schrödinger, Portland, OR, USA), and the interactions between protein and ligand were analyzed using the "LIGPLOT" (a program to generate schematic diagrams of protein-ligand interactions) module within the LigPlot+ program (v2.2) [34]. Another possible explanation for the result is that the docking assay was used to analyze the protein-ligand complex binding affinity (kcal/mol). The affinity value changed more negatively and provided compelling evidence of ligand interaction in the binding site [35].




2.3. Cell Culture


RAW264.7 murine macrophage cells were obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan). RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS, 100 U/mL of penicillin, and 100 μg/mL streptomycin. Cells were grown at 37 °C in incubators in a humidified 5% CO2 condition.




2.4. Atom Force Microscopy Analysis


AFM is an innovative tool for measuring molecular–molecular interaction forces and capturing high-resolution images [36]. Cells were incubated in glass slides and treated with IMP or Dexa and then cells were fixed with 4% paraformaldehyde. We determined the desired force profile (amplitude and force load rate) with AFM, with the cantilever deflection, dc (t), and the cantilever fixed end, zc (t). The probe was an APP-Nano ACTA series where the radius of the tip and the cantilever spring constant were below 7 nm and 7 N/m. We set the desired force profile at a 1 Hz triangle wave of amplitude 0.2–0.3 nN, with a duration of 600–1200 s (to monitor the time-elapsed evolution of Young’s modulus). Moreover, in some scanning parameters, the tip scan rate was 0.5–1 Hz, and the resolution of images was 512 by 512 pixels. From the AFM image, the superstructure is significant, surrounding the nucleus of macrophages. The binding force was measured with the Bruker Dimension Icon AFM (Bruker Corporation, Billerica, MA, USA). The cell ultrastructure morphology was analyzed with the NanoScope analysis software version 7 of the instrument (Bruker Dimension Icon, Santa Barbara, CA, USA).




2.5. Immunofluorescence Assay


An immunofluorescence assay allows visualization of the distribution of target molecules through the fluorescence microscope, as described previously [37].



RAW 264.7 cells were incubated in a confocal laser slide in the dish at 500 cells/well for 16 h and treated with IMP or Dexa for various periods before being incubated with 100 ng/mL LPS. Then, cells were fixed in 4% paraformaldehyde and permeabilized with 0.25% Triton X-100 in PBS for 1 h. Moreover, cells were incubated with the primary antibodies overnight at 4 °C and then complemented with a secondary antibody labeled with an IgG Alexa Fluor-594 reagent. Then, we stained the nuclei with 4′, 6-diamidino-2-phenylindole (DAPI) gel (1 μg/mL). The immunofluorescence assay was visualized with an SP2/SP8X Confocal Spectral Microscope (Leica, Wetzlar, Germany).




2.6. Western Blot assay


Western blot is a critical technique used to identify specific proteins from a complex mixture of proteins in the cells described previously [38]. Cells were treated with IMP and LPS and lysed with RIPA buffer to extract the protein from the cells in each group. The bicinchoninic acid (BCA) assay was used to detect the protein concentration. The proteins were then separated with 8–12% SDS-PAGE electrophoresis and transferred to PVDF membranes. The membranes were probed with primary antibodies and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody. Immune complexes were visualized with an enhanced chemiluminescence reagent. We then quantified the proteins with the GE Las4000 Mimi Molecular Imaging System (GE healthcare co, Piscataway, NJ, USA) and explored the data from each group using the TotalLab gel analysis software (GE healthcare co, Piscataway, NJ, USA).




2.7. Statistical Analysis


All experimental data are presented as the mean ± standard error of the mean (SEM). An unpaired Student’s t-test or the SPSS17.0 software system was used for a one-way analysis of variance to determine the statistical significance. Differences between the LPS-treated and control groups were considered statistically significant at the level of # p < 0.05 compared with the control group, * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the LPS-alone group.





3. Results


3.1. IMP Interfered with the LBP, CD14, and MD-2 in TLR4 Co-Receptor Complex with the Computational Protein-Ligand Docking Model


In the present study, the results show that IMP and Dexa bind the N-terminal pocket side of LBP. Both are surrounded by Ser63, Gln75, Glu77, Lys117, Arg119, and Lys124, found in the LIGPLOT analysis with a hydrophobic interaction. We prepared the receptor structure and ligands, and then docking was performed into a grid box space with an X-, Y-, and Z-axis, and dimensions were adjusted to 41.53 Å × 38.36 Å × 45.21 Å, 48.53 Å × 36.41 Å × 45.26 Å, and 43.25 Å × 31.49 Å × 35.17 Å within LBP, CD14, and TLR4/MD-2 complex, respectively. A data set was generated from the docking search space of LBP which was at the N-terminal domain. LBP has a highly extended structure that is 33 Å wide and 127 Å long. However, the binding affinities of IMP and Dexa on the N-terminal pocket side of LBP are −5.8 and −6.2 kcal/mol, respectively (Figure 1a). The signals collected from IMP or Dexa mainly bind to the pocket side of CD14 through hydrophobic interaction, and the common residues are Ala48, Cys51, Val52, Ile59, and Leu94 on the N-terminal pocket side. Furthermore, IMP has other hydrophobic interactions (residues Phe49, Val57, Val91) when binding to CD14. Dexa also has other hydrophobic interactions (residues Trp45, Leu66, Phe69, and Val96) when binding to CD14. Regarding PyRx docking, the binding affinities of IMP and Dexa on the N-terminal hydrophobic pocket side of CD14 are −7.0 and −7.6 kcal/mol, respectively (Figure 1b). The data acquired from the docking results show that IMP or Dexa binds deep in the MD-2 pocket side. In addition to the common residues (Leu61, Ile63, Phe76, Phe147) of the hydrophobic interaction, IMP also has a hydrophobic interaction with residues Ile44, Tyr65, Leu71, Ile94, Phe104, Val113, and Ile117. A data set generated from Dexa also showed a hydrophobic interaction with Ile46, Ile52, Phe119, Val135, and Phe151. Considering PyRx docking, the binding affinities of IMP and Dexa on the N-terminal hydrophobic pocket side of MD-2 are −8.4 and −8.2 kcal/mol, respectively (Figure 1c). These results show that the binding of IMP or Dexa will occupy space and affect the binding of LPS in the MD-2 pocket side when comparing the docked complex and LPS binding site of the 3FXI structure (Figure 1d).




3.2. IMP Interferes with LPS Binding to TLR4 Co-Receptor Complex in RAW264.7 Cells


In the experiment shown in Figure 2a, IMP suppressed LBP, CD14, MD-2, and TLR4 expressions in a dose-dependent manner. Comparing Dexa (2 μM) and IMP (80 μM), it is shown that IMP inhibited the protein expression ratios of LBP, CD14, MD-2, and TLR4, which were 63.21% (0.63-fold), 79.41% (0.79-fold), 68.50% (0.68-fold), and 71.10% (0.71-fold), respectively. Moreover, this experiment shows that IMP could decrease LBP, CD14, MD-2, and TLR4 in the cellular membrane surface with immunofluorescence staining (Figure 2b–e). One possible explanation for this result is that IMP has anti-inflammatory activity by modulating the TLR4/MyD88 cascade signaling pathways.




3.3. IMP Inhibited the Morphological Change in LPS-Stimulated RAW264.7 Cells


The experiments were designed to provide information from the AFM assay, and which it can deliver the high-resolution 3D imaging information of morphological and precise membrane features, as well as ultrastructural changes in cells, which can be detected at the nanoscale. The test sequence was wholly randomized and counterbalanced to reduce error. To ensure repeatable and stable characteristics, we calculated the top four morphological changes in cells in slides of each group. Cells were incubated in glass slides and treated with IMP or compared with the 2 μM of Dexa and treated with 100 ng/mL of LPS for 24 h of incubation. As shown in Figure 3a, the cells revealed a typical oval shape with a smooth cell surface and lamellipodia formation. The horizontal distance is about 13.6 ± 0.5 μm in the control group (without added LPS). However, LPS increased the horizontal distance near 59.1 ± 3.3 μm in the RAW264.7 cells (n = 4). This experiment showed that after pretreatment with IMP (80 μM), it showed the typical oval shape with the smooth cell surface, and the horizontal distance was 13.6 ± 0.4 μm (Figure 3a). In LPS-stimulated RAW264.7 cells, pretreatment with 2 μM Dexa reversed the pseudopodia formation. The horizontal distance in the Dexa group was approximately 19.4 ± 1.97 μm (Figure 3a). The most notable changes were associated, after exposure, with 24 h of 100 ng/mL of LPS, and the activation index of the LPS-only group, IMP group, and Dexa group is 38.70%, 10.60%, and 18.92%, respectively (Figure 3b). Regarding these results, the horizontal distances of the LPS-only group, the IMP group, and the Dexa group are 44.80%, 13.07%, and 21.67%, respectively (Figure 3c). Comparing the data from the LPS-only group and the Dexa group shows that IMP inhibited lamellipodia formation and reversed the horizontal distance in the LPS-stimulated RAW264.7 cells.




3.4. IMP Activated the Nrf2/HO-1 Pathways in LPS-Stimulated RAW264.7 Cells


It is reasonable that, compared with the 15 μM of CLI-095, the TLR4 antagonist, IMP (80 μM) inhibited the ratio of phosphorylation of AKT at 90.99%, inhibited the HIF-1 ratio at 65.18%, and inhibited the IL-17 ratio at 80.38%. However, as shown in Figure 4a, IMP significantly stimulated the LPS-induced cytosolic Nrf2 protein expression. In contrast, the results demonstrate that IMP (80 μM) increased the nuclear translocation factor of Nrf2 in the cytoplasm to 88.84%, but Nrf2 protein expression in the nucleus increased more than 293.79% (2.93-fold) (Figure 4b). Moreover, IMP (80 μM) increased the antioxidant expression of SOD1, SOD2 CAT, and HO-1 to 480.62%, 451.02% (4.51-fold), 440.86% (4.40-fold), and 586.89% (5.86-fold), respectively (Figure 4c). The data from the immunofluorescence assay show that IMP decreased the Nrf2 protein expression in the cytoplasm but increased the translocation and the accumulation of Nrf2 into the nucleus (Figure 4d). These results are consistent with the immunofluorescence assay results that showed that IMP could increase HO-1 in the cytoplasm and increase translocation and accumulation of HO-1 in the cytoplasm (Figure 4e). These results suggest that IMP increased the expression and translocation of the antioxidation transcription factor Nrf2 and activated the antioxidant process of SOD1, SOD2 CAT, and HO-1.





4. Discussion


Imperatorin (IMP) has been broadly used in various applications, including anti-cancer, neuroprotection, anti-inflammatory, anti-hypertension, and antibacterial studies [27]. IMP has been reported to act with anti-inflammatory activity via downregulating several inflammatory transcription factors [18,19]. However, IMP exhibits low bioavailability and has poor intracellular absorption. Therefore, IMP may also act via the surface receptor to activate downstream signaling pathways. More evidence has emerged that IMP could interfere with TLR4 signaling.



Cell staining, flow cytometry, cell surface biotinylation, immunoprecipitation, and immunoprobing assays are usually used to detect the interaction between the ligand and the binding protein [39]. We simulated the binding interactions between proteins (LBP, CD14, TLR4/MD-2 complex) and ligands (IMP and Dexa) by the protein–ligand docking software PyRx, as previously described [40]. Moreover, the N-terminal domain is the primary site of interaction with LPS, particularly the positively charged residues at its tip, including residues Arg119, Lys120, and Lys124 [31]. The data were acquired from the pocket side containing the N-terminal region (residues 20-171) of CD14, sufficient for bioactivity, which serves as the binding site for LPS [32]. In the present study, in the IMP–LBP docking analysis result, IMP significantly interacted with Arg119 and Lys124 of the LBP relative position, and Arg119 generated hydrogen bonds with IMP that could interfere with the LPS binding to the LBP. Moreover, this experiment’s results show IMP docked in the hydrophobic pocket side of CD14, around residues Ala48, Cys51, Val52, Ile59, and Leu94. The binding of IMP to CD14 may hinder the transfer of LPS to another molecule, such as MD-2 (Figure 1b). The most notable changes were associated with IMP docked deep inside the pocket side of the MD-2 structure that affects the binding of LPS to TLR4/MD-2, since lipid chains of LPS cannot extend to the MD-2 hydrophobic pocket side to form stable hydrophobic interactions. Additionally, the binding affinity of IMP is lower than that of the Dexa in LBP, CD14, and TLR4/MD-2. IMP or Dexa bound to MD-2 influences the LPS bound to the TLR4/MD-2 co-receptor complex. The simulation suggests that IMP could affect LPS by disturbing the LBP binding, transporting to CD14, and lodging MD-2 in the TLR4 transmembrane domain co-receptor complex. The results indicate that IMP could decrease LBP, CD14, MD-2, and TLR4 in the cellular membrane surface with immunofluorescence staining.



Our primary objectives in the AFM assay were to evaluate the LPS-stimulated distinct dendritic morphology change and increased cell size in RAW2647 cells [41]. According to the report, LPS significantly increases the activation index and the morphological change in cells [42]. The most notable changes were associated with IMP suppressing LBP, CD14, MD-2, and TLR4 expressions in a dose-dependent manner. Moreover, the Results data also indicate that IMP could decrease LBP, CD14, MD-2, and TLR4 in the cellular membrane surface with immunofluorescence staining. It could be established that IMP has anti-inflammatory activity by modulating the TLR4/MyD88 cascade signaling pathways. The performance trends in evaluating the proposed LPS-stimulated distinct dendritic morphology change and increased cell size in RAW2647 cells can be detected at the nanoscale in the AFM assay. The horizontal distance of LPS increased by nearly 4.3-fold (59.1 ± 3.3 μm) in the RAW264.7 cells in the AFM assay. However, we can notice that IMP showed a reversal of the typical oval shape with the smooth cell surface and the horizontal distance of LPS, compared with LPS alone, or Dexa in LPS stimulated. These results show that it is similar to what was achieved in the activation index changes. Regarding these similar results, in the horizontal distance analysis, comparing with Dexa shows that IMP inhibited lamellipodia formation and reversed the horizontal distance in LPS-stimulated RAW264.7 cells. The morphological analysis observations indicated that IMP could inhibit lamellipodia formation by reversing the LPS-stimulated RAW264.7 cells’ size.



Moreover, LPS/TLR4 signaling triggered Akt phosphorylation, increased hypoxia-inducible factor 1 (HIF-1) expression, and activated interleukin 17 (IL-17)-induced tissue inflammation [43,44]. However, the PI3K/Akt signaling pathway can regulate the expression of hypoxia-induced factor-1α (HIF-1α) [45]. HIF-1 improves TH17 advancement through direct transcriptional activation in a STAT3-dependent manner [46,47]. It is reasonable that compared with the 15 μM of CLI-095, the TLR4 antagonist, IMP inhibited the ratio of phosphorylation of AKT and inhibited HIF-1 and IL-17 protein expressions. PI3K/Akt pathway signaling moderates the NRF2/Keap-1 signaling to protect the cells and tissues from oxidative stress [48,49]. Several phytochemical compounds exhibit anti-inflammatory effects and up-regulate the AMPK/GSK-3β/Nrf2 pathway [16,50,51]. Nrf2 interferes with LPS-induced transcription, increasing the pro-inflammatory cytokines. Immunoprecipitation assays showed that Nrf2 binds to the nearness of these genes in macrophages [13]. As shown in Figure 4a, IMP significantly stimulated the LPS-induced cytosolic Nrf2 protein expression. Moreover, IMP dramatically increases the antioxidant process of SOD1, SOD2 CAT, and HO-1. The data confirmed that IMP could increase SOD from the IF assay. These results are consistent with the IF assay results showing that IMP could increase HO-1 in the cytoplasm and increase translocation and accumulation of HO-1 in the nucleus. These results suggest that IMP increased the expression and translocation of the antioxidation transcription factor Nrf2 and activated the antioxidant process of SOD1, SOD2 CAT, and HO-1.




5. Conclusions


Our results are the first findings regarding the anti-inflammatory effect of IMP that interfered with the LPS binding to the TLR4 co-receptor signaling. They also show that IMP activated the antioxidative Nrf2 signaling pathway in LPS-induced RAW264.7 murine macrophage cells in vitro. Overall, the possible molecular signaling pathways of IMP in our results are summarized in Figure 5.







Author Contributions


Conceptualization, W.-T.H. and W.-Y.L.; methodology, M.-H.H.; software, P.-C.L. and Y.-C.L.; validation, Y.-S.C.; investigation, W.-Y.L.; resources, J.-G.C.; data curation, M.-H.H. and Y.-H.L.; writing—original draft preparation, M.-H.H.; writing—review and editing, M.-H.H.; visualization, W.-Y.L.; supervision, W.-T.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. This work was support by the China Medical University CMRC-CHM-4 & CMRC-CHM-3-2 and CMU107-ASIA-24, and MOST-109-2740-B-400-002 from MOST (Ministry of Science and Technology, Taiwan).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


IMP was isolated from Notopterygium incisum. Chao-Lin Kuo identified the plant, and Yueh-Hsiung Kuo identified the compound (Department of Chinese Pharmaceutical Sciences and Chinese Medicine Resources, China Medical University, Taichung, Taiwan.) This work is supported by the “Drug Development Center & Chinese Medicine Research Center, China Medical University” from The Featured Areas Research Center Program within the Higher Education Sprout Project framework by the Ministry of Education (MOE) in Taiwan. Experiments and data analysis were performed in part through the Medical Research Core Facilities, Office of Research & Development at China Medical University, Taichung, Taiwan. We appreciate the Structural Proteomics and Pharmaceutical Application Service provided by the BP Bioinformatics Core (http://www.tbi.org.tw/), funded by the National Core Facility for Biopharmaceuticals (NCFB).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fukata, M.; Hernandez, Y.; Conduah, D.; Cohen, J.; Chen, A.; Breglio, K.; Goo, T.; Hsu, D.; Xu, R.; Abreu, M.T. Innate immune signaling by Toll-like receptor-4 (TLR4) shapes the inflammatory microenvironment in colitis-associated tumors. Inflamm. Bowel Dis. 2009, 15, 997–1006. [Google Scholar] [CrossRef]

	



Kogut, M.H.; He, H.; Kaiser, P. Lipopolysaccharide binding protein/CD14/TLR4-dependent recognition of salmonella LPS induces the functional activation of chicken heterophils and up-regulation of pro-inflammatory cytokine and chemokine gene expression in these cells. Anim. Biotechnol. 2005, 16, 165–181. [Google Scholar] [CrossRef]

	



Kim, S.J.; Kim, H.M. Dynamic lipopolysaccharide transfer cascade to TLR4/MD2 complex via LBP and CD14. BMB Rep. 2017, 50, 55–57. [Google Scholar] [CrossRef]

	



Molteni, M.; Bosi, A.; Rossetti, C. Natural Products with Toll-Like Receptor 4 Antagonist Activity. Int. J. Inflamm. 2018, 2018, 2859135. [Google Scholar] [CrossRef] [PubMed]

	



Chistyakov, D.V.; Azbukina, N.V.; Astakhova, A.A.; Polozhintsev, A.I.; Sergeeva, M.G.; Reiser, G. Toll-like receptors control p38 and JNK MAPK signaling pathways in rat astrocytes differently, when cultured in normal or high glucose concentrations. Neurochem. Int. 2019, 131, 104513. [Google Scholar] [CrossRef] [PubMed]

	



Paracha, R.Z.; Ahmad, J.; Ali, A.; Hussain, R.; Niazi, U.; Tareen, S.H.; Aslam, B. Formal modelling of toll like receptor 4 and JAK/STAT signalling pathways: Insight into the roles of SOCS-1, interferon-β and proinflammatory cytokines in sepsis. PLoS ONE 2014, 9, e108466. [Google Scholar] [CrossRef]

	



Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev. Clin. Oncol. 2018, 15, 234–248. [Google Scholar] [CrossRef] [PubMed]

	



Achek, A.; Yesudhas, D.; Choi, S. Toll-like receptors: Promising therapeutic targets for inflammatory diseases. Arch. Pharm. Res. 2016, 39, 1032–1049. [Google Scholar] [CrossRef]

	



Zhou, J.; Wang, J.; Gu, M.-Y.; Zhang, S.-Q.; Chen, S.-L.; Zhang, X.-W.; Zhang, L.-N. Effect of dexamethasone on TLR4 and MyD88 expression in monocytes of patients with tuberculous meningitis. Eur. J. Inflamm. 2017, 15, 107–112. [Google Scholar] [CrossRef]

	



Koo, J.E.; Park, Z.-Y.; Kim, N.D.; Lee, J.Y. Sulforaphane inhibits the engagement of LPS with TLR4/MD2 complex by preferential binding to Cys133 in MD2. Biochem. Biophys. Res. Commun. 2013, 434, 600–605. [Google Scholar] [CrossRef]

	



Rao, J.; Qian, X.; Li, G.; Pan, X.; Zhang, C.; Zhang, F.; Zhai, Y.; Wang, X.; Lu, L. ATF3-mediated NRF2/HO-1 signaling regulates TLR4 innate immune responses in mouse liver ischemia/reperfusion injury. Am. J. Transpl. 2015, 15, 76–87. [Google Scholar] [CrossRef]

	



Mohan, S.; Gupta, D. Crosstalk of toll-like receptors signaling and Nrf2 pathway for regulation of inflammation. Biomed. Pharmacother. 2018, 108, 1866–1878. [Google Scholar] [CrossRef]

	



Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.; Nakayama, K.; et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription. Nat. Commun. 2016, 7, 11624. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Chen, Y.; Sternberg, P.; Cai, J. Essential roles of the PI3 kinase/Akt pathway in regulating Nrf2-dependent antioxidant functions in the RPE. Investig. Opthalmol. Vis. Sci. 2008, 49, 1671–1678. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.-C.; Deng, J.-S.; Huang, S.-S.; Lin, W.-R.; Wu, S.-H.; Lin, H.-Y.; Huang, G.-J. Anti-inflammatory activity of Sanghuangporus sanghuang by suppressing the TLR4-mediated PI3K/AKT/mTOR/IKKβ signaling pathway. RSC Adv. 2017, 7, 21234–21251. [Google Scholar] [CrossRef]

	



Ci, X.; Zhou, J.; Lv, H.; Yu, Q.; Peng, L.; Hua, S. Betulin exhibits anti-inflammatory activity in LPS-stimulated macrophages and endotoxin-shocked mice through an AMPK/AKT/Nrf2-dependent mechanism. Cell Death Dis. 2017, 8, e2798. [Google Scholar] [CrossRef]

	



Kozioł, E.; Skalicka-Woźniak, K. Imperatorin-pharmacological meaning and analytical clues: Profound investigation. Phytochem. Rev. 2016, 15, 627–649. [Google Scholar] [CrossRef] [PubMed]

	



Guo, W.; Sun, J.; Jiang, L.; Duan, L.; Huo, M.; Chen, N.; Zhong, W.; Wassy, L.; Yang, Z.; Feng, H. Imperatorin attenuates LPS-induced inflammation by suppressing NF-κB and MAPKs activation in RAW 264.7 macrophages. Inflammation 2012, 35, 1764–1772. [Google Scholar] [CrossRef]

	



Wang, K.S.; Lv, Y.; Wang, Z.; Ma, J.; Mi, C.; Li, X.; Xu, G.H.; Piao, L.X.; Zheng, S.Z.; Jin, X. Imperatorin efficiently blocks TNF-α-mediated activation of ROS/PI3K/Akt/NF-κB pathway. Oncol. Rep. 2017, 37, 3397–3404. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, W.; Abudureheman, A.; Cheng, T.; Peng, P. Imperatorin possesses notable anti-inflammatory activity in vitro and in vivo through inhibition of the NF-κB pathway. Mol. Med. Rep. 2017, 16, 8619–8626. [Google Scholar] [CrossRef]

	



Kaur, A.; Singh, L.; Singh, N.; Bhatti, M.S.; Bhatti, R. Ameliorative effect of imperatorin in chemically induced fibromyalgia: Role of NMDA/NFkB mediated downstream signaling. Biochem. Pharmacol. 2019, 166, 56–69. [Google Scholar] [CrossRef]

	



Li, Y.Z.; Chen, J.H.; Tsai, C.F.; Yeh, W.L. Anti-inflammatory Property of Imperatorin on Alveolar Macrophages and Inflammatory Lung Injury. J. Nat. Prod. 2019, 82, 1002–1008. [Google Scholar] [CrossRef]

	



Luo, M.; Luo, Y. Imperatorin Relieved Ulcerative Colitis by Regulating the Nrf-2/ARE/HO-1 Pathway in Rats. Inflammation 2020, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Xian, Z.; Choi, Y.H.; Zheng, M.; Jiang, J.; Zhao, Y.; Wang, C.; Li, J.; Li, Y.; Li, L.; Piao, H.; et al. Imperatorin alleviates ROS-mediated airway remodeling by targeting the Nrf2/HO-1 signaling pathway. Biosci. Biotechnol. Biochem. 2020, 84, 898–910. [Google Scholar] [CrossRef] [PubMed]

	



Huang, G.J.; Deng, J.S.; Liao, J.C.; Hou, W.C.; Wang, S.Y.; Sung, P.J.; Kuo, Y.H. Inducible nitric oxide synthase and cyclooxygenase-2 participate in anti-inflammatory activity of imperatorin from Glehnia littoralis. J. Agric. Food Chem. 2012, 60, 1673–1681. [Google Scholar] [CrossRef] [PubMed]

	



Hassanein, E.; Sayed, A.; Hussein, O.; Mahmoud, A. Coumarins as Modulators of the Keap1/Nrf2/ARE Signaling Pathway. Oxidative Med. Cell. Longev. 2020, 2020, 1675957. [Google Scholar] [CrossRef]

	



Zhao, G.; Peng, C.; Du, W.; Wang, S. Simultaneous determination of imperatorin and its metabolites in vitro and in vivo by a GC-MS method: Application to a bioavailability and protein binding ability study in rat plasma. Biomed. Chromatogr. 2014, 28, 947–956. [Google Scholar] [CrossRef]

	



Billod, J.M.; Lacetera, A.; Guzmán-Caldentey, J.; Martín-Santamaría, S. Computational Approaches to Toll-Like Receptor 4 Modulation. Molecules 2016, 21, 994. [Google Scholar] [CrossRef]

	



Nandeesh, R.; Vijayakumar, S.; Munnolli, A.; Alreddy, A.; Veerapur, V.P.; Chandramohan, V.; Manjunatha, E. Bioactive phenolic fraction of Citrus maxima abate lipopolysaccharide-induced sickness behaviour and anorexia in mice: In-silico molecular docking and dynamic studies of biomarkers against NF-κB. Biomed. Pharmacother. 2018, 108, 1535–1545. [Google Scholar] [CrossRef]

	



Dallakyan, S.; Olson, A.J. Small-molecule library screening by docking with PyRx. Methods Mol. Biol. 2015, 1263, 243–250. [Google Scholar] [CrossRef] [PubMed]

	



Eckert, J.K.; Kim, Y.J.; Kim, J.I.; Gürtler, K.; Oh, D.Y.; Sur, S.; Lundvall, L.; Hamann, L.; van der Ploeg, A.; Pickkers, P.; et al. The crystal structure of lipopolysaccharide binding protein reveals the location of a frequent mutation that impairs innate immunity. Immunity 2013, 39, 647–660. [Google Scholar] [CrossRef]

	



Kelley, S.L.; Lukk, T.; Nair, S.K.; Tapping, R.I. The crystal structure of human soluble CD14 reveals a bent solenoid with a hydrophobic amino-terminal pocket. J. Immunol. 2013, 190, 1304–1311. [Google Scholar] [CrossRef]

	



Park, B.S.; Song, D.H.; Kim, H.M.; Choi, B.S.; Lee, H.; Lee, J.O. The structural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature 2009, 458, 1191–1195. [Google Scholar] [CrossRef] [PubMed]

	



Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple Ligand–Protein Interaction Diagrams for Drug Discovery. J. Chem. Inf. Model. 2011, 51, 2778–2786. [Google Scholar] [CrossRef] [PubMed]

	



Ruepp, M.D.; Wei, H.; Leuenberger, M.; Lochner, M.; Thompson, A.J. The binding orientations of structurally-related ligands can differ; A cautionary note. Neuropharmacology 2017, 119, 48–61. [Google Scholar] [CrossRef] [PubMed]

	



Pi, J.; Cai, H.; Yang, F.; Jin, H.; Liu, J.; Yang, P.; Cai, J. Atomic force microscopy based investigations of anti-inflammatory effects in lipopolysaccharide-stimulated macrophages. Anal. Bioanal. Chem. 2016, 408, 165–176. [Google Scholar] [CrossRef]

	



Lin, Y.H.; Hsiao, Y.H.; Ng, K.L.; Kuo, Y.H.; Lim, Y.P.; Hsieh, W.T. Physalin A attenuates inflammation through down-regulating c-Jun NH2 kinase phosphorylation/Activator Protein 1 activation and up-regulating the antioxidant activity. Toxicol. Appl. Pharmacol. 2020, 402, 115115. [Google Scholar] [CrossRef]

	



Mahmood, T.; Yang, P.C. Western blot: Technique, theory, and trouble shooting. N. Am. J. Med. Sci. 2012, 4, 429–434. [Google Scholar] [CrossRef]

	



Tsukamoto, H.; Takeuchi, S.; Kubota, K.; Kobayashi, Y.; Kozakai, S.; Ukai, I.; Shichiku, A.; Okubo, M.; Numasaki, M.; Kanemitsu, Y.; et al. Lipopolysaccharide (LPS)-binding protein stimulates CD14-dependent Toll-like receptor 4 internalization and LPS-induced TBK1-IKKϵ-IRF3 axis activation. J. Biol. Chem. 2018, 293, 10186–10201. [Google Scholar] [CrossRef]

	



Park, B.S.; Lee, J.O. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp. Mol. Med. 2013, 45, e66. [Google Scholar] [CrossRef] [PubMed]

	



Pi, J.; Li, T.; Liu, J.; Su, X.; Wang, R.; Yang, F.; Bai, H.; Jin, H.; Cai, J. Detection of lipopolysaccharide induced inflammatory responses in RAW264.7 macrophages using atomic force microscope. Micron 2014, 65, 1–9. [Google Scholar] [CrossRef]

	



Huang, B.-P.; Lin, C.; Chen, Y.-C.; Kao, S.-H. Anti-inflammatory effects of Perilla frutescens leaf extract on lipopolysaccharide-stimulated RAW264.7 cells. Mol. Med. Rep. 2014, 10, 1077–1083. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Amorosa, L.F.; Petrova, A.; Coyle, S.; Macor, M.; Nair, M.; Lee, L.Y.; Haimovich, B. TLR4 counteracts BVRA signaling in human leukocytes via differential regulation of AMPK, mTORC1 and mTORC2. Sci. Rep. 2019, 9, 7020. [Google Scholar] [CrossRef] [PubMed]

	



Tang, H.; Pang, S.; Wang, M.; Xiao, X.; Rong, Y.; Wang, H.; Zang, Y.Q. TLR4 Activation Is Required for IL-17–Induced Multiple Tissue Inflammation and Wasting in Mice. J. Immunol. 2010, 185, 2563–2569. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Yao, L.; Yang, J.; Wang, Z.; Du, G. PI3K/Akt and HIF-1 signaling pathway in hypoxia-ischemia (Review). Mol. Med. Rep. 2018, 18, 3547–3554. [Google Scholar] [CrossRef] [PubMed]

	



Dang, E.V.; Barbi, J.; Yang, H.Y.; Jinasena, D.; Yu, H.; Zheng, Y.; Bordman, Z.; Fu, J.; Kim, Y.; Yen, H.R.; et al. Control of T(H)17/T(reg) balance by hypoxia-inducible factor 1. Cell 2011, 146, 772–784. [Google Scholar] [CrossRef]

	



Ren, W.; Yin, J.; Duan, J.; Liu, G.; Tan, B.; Yang, G.; Wu, G.; Bazer, F.W.; Peng, Y.; Yin, Y. mTORC1 signaling and IL-17 expression: Defining pathways and possible therapeutic targets. Eur. J. Immunol. 2016, 46, 291–299. [Google Scholar] [CrossRef]

	



Kim, K.C.; Kang, K.A.; Zhang, R.; Piao, M.J.; Kim, G.Y.; Kang, M.Y.; Lee, S.J.; Lee, N.H.; Surh, Y.J.; Hyun, J.W. Up-regulation of Nrf2-mediated heme oxygenase-1 expression by eckol, a phlorotannin compound, through activation of Erk and PI3K/Akt. Int. J. Biochem. Cell Biol. 2010, 42, 297–305. [Google Scholar] [CrossRef]

	



Panieri, E.; Buha, A.; Telkoparan-Akillilar, P.; Cevik, D.; Kouretas, D.; Veskoukis, A.; Skaperda, Z.; Tsatsakis, A.; Wallace, D.; Suzen, S.; et al. Potential Applications of NRF2 Modulators in Cancer Therapy. Antioxidants 2020, 9, 193. [Google Scholar] [CrossRef]

	



Lv, H.; Liu, Q.; Wen, Z.; Feng, H.; Deng, X.; Ci, X. Xanthohumol ameliorates lipopolysaccharide (LPS)-induced acute lung injury via induction of AMPK/GSK3β-Nrf2 signal axis. Redox Biol. 2017, 12, 311–324. [Google Scholar] [CrossRef]

	



Fan, M.; Li, Y.; Yao, C.; Liu, X.; Liu, J.; Yu, B. DC32, a Dihydroartemisinin Derivative, Ameliorates Collagen-Induced Arthritis Through an Nrf2-p62-Keap1 Feedback Loop. Front. Immunol. 2018, 9, 9. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 10 00362 g001a 550][image: Antioxidants 10 00362 g001b 550] 





Figure 1. IMP interfered with the LBP, CD14, and MD-2, in TLR4 co-receptor complex with the computational protein–ligand docking model. The binding pocket side is a surface model, and the inhibitor is a ball and stick model. Red or pink eyebrow-like icons illustrate hydrophobic interactions. The green dash line indicates the hydrogen bonds pairing with each other. The red circles identify the residue on each plot that is equivalent. The best binding affinities between IMP and Dexa to LBP are shown below. LPS is a gray color. IMP is a light blue color. Dexa is an orange color. (a) LBP binding with IMP and Dexa (superimposition). The LigPlot+ 2D diagrams show the potential intermolecular interactions in IMP/LBP and Dexa/LBP. (b) CD14 binding with IMP and Dexa (superimposition). The LigPlot+ 2D diagrams of the potential intermolecular interactions in IMP/CD14 and Dexa/CD14. The best binding affinities of IMP and Dexa were in the binding of CD14. (c) TLR4/MD-2 binding with IMP and Dexa (superimposition). The LigPlot+ 2D diagrams of the potential intermolecular interactions in IMP/MD-2 and Dexa/MD2. (d) Structures of IMP or Dexa bound to MD-2 influence the LPS binding to the TLR4/MD-2 co-receptor complex. 
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Figure 2. IMP interferes with LPS binding to LBP, CD14, and MD-2, in TLR4 co-receptor complex in RAW264.7 cells. RAW264.7 cells were pretreated with IMP for 1 h and then stimulated without or with 100 ng/mL of LPS for 24 h incubation. (a) Cells were pretreated with various IMP concentrations (0, 10, 20, 40, or 80 μM) or Dexa (2 μM) for 1 h and were stimulated with LPS for 24 h. The protein expressions of LBP, CD14, MD-2, TLR4, and MyD88 were measured by Western blotting (n = 3). (b) Cells were pretreated with 80 μM IMP or 2 μM Dexa for 1 h and were stimulated with LPS for 24 h. We also measured LBP by immunofluorescence staining. For LBP (green) in cells, nuclei were labeled with DAPI (blue). Alternatively, it was stained for CD14 (green) (c), or cells were stained for MD-2 (green) (d) and TLR4 (green) (e). Scale bar = 10 μm. The detailed experimental preforms are described in Materials and Methods (n = 3). Results (data) are presented as means ± S.E.M. # p < 0.05 compared with the control group, * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the LPS-alone group. 






Figure 2. IMP interferes with LPS binding to LBP, CD14, and MD-2, in TLR4 co-receptor complex in RAW264.7 cells. RAW264.7 cells were pretreated with IMP for 1 h and then stimulated without or with 100 ng/mL of LPS for 24 h incubation. (a) Cells were pretreated with various IMP concentrations (0, 10, 20, 40, or 80 μM) or Dexa (2 μM) for 1 h and were stimulated with LPS for 24 h. The protein expressions of LBP, CD14, MD-2, TLR4, and MyD88 were measured by Western blotting (n = 3). (b) Cells were pretreated with 80 μM IMP or 2 μM Dexa for 1 h and were stimulated with LPS for 24 h. We also measured LBP by immunofluorescence staining. For LBP (green) in cells, nuclei were labeled with DAPI (blue). Alternatively, it was stained for CD14 (green) (c), or cells were stained for MD-2 (green) (d) and TLR4 (green) (e). Scale bar = 10 μm. The detailed experimental preforms are described in Materials and Methods (n = 3). Results (data) are presented as means ± S.E.M. # p < 0.05 compared with the control group, * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the LPS-alone group.



[image: Antioxidants 10 00362 g002a][image: Antioxidants 10 00362 g002b]







[image: Antioxidants 10 00362 g003a 550][image: Antioxidants 10 00362 g003b 550] 





Figure 3. IMP inhibited the morphological change in LPS-stimulated RAW264.7 cells. Cells were cultured at a density of 5 × 104 cells/mL on glass coverslips in a six-well plate. After overnight incubation, IMP was incubated without or with 100 ng/mL LPS into the cell culture medium for 24 h of incubation. (a) The surface ultrastructural change assay by AFM. AFM was applied to observe the surface ultrastructure changes in the present work, including amplitude error, 3D projection from upside, and 3D images. The LPS-alone group was the group where cells were only treated with LPS. The dendritic transformation assay and surface ultrastructural change assay were detected by atomic force microscopy, as designated in the Materials and Methods (n = 4). Topography presented as 3D height sensor and the horizontal distance of RAW264.7 cells. (b) LPS increases the activation index of the morphological change in cells. (c) The horizontal distance of cell ultrastructure with the instrument’s NanoScope analysis software. Data are accessible as the means ± S.E.M. # p < 0.05 as compared with the control group; *** p < 0.001 compared with the LPS-alone group. 
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Figure 4. IMP activated the Nrf2/HO-1 pathways in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with drugs and then stimulated with 100 ng/mL of LPS for 24 h of incubation. (a) Cells were pretreated with various IMP concentrations (0, 10, 20, 40, or 80 μM) or 15 μM of CLI-095 for 1 h and then stimulated without or with LPS. The p-AKT, HIF-1, and IL-17 were measured by Western blotting in the cytoplasm and nucleus (n = 3). (b) Cells were pretreated with various IMP concentrations (0, 10, 20, 40, or 80 μM) for 1 h and then stimulated without or with LPS. Nrf2 was measured by Western blotting in the cytoplasm and nucleus (n = 3). (c) Cells were pretreated with various IMP concentrations (0, 10, 20, 40, or 80 μM) for 1 h and then stimulated without or with LPS. SOD1, SOD2, CAT, and HO-1 were measured by Western blotting (n = 3). (d) Cells were pretreated with IMP (80 μM) and then stimulated without or with 100 ng/mL of LPS. Nrf2 was measured by immunofluorescence staining. For Nrf2 (green) in RAW264.7 cells treated with LPS for 24 h, nuclei were labeled with DAPI (blue). (e) Cells were pretreated with IMP (80 μM) and then stimulated without or with 100 ng/mL of LPS. HO-1 was measured by immunofluorescence staining. For HO-1 (green) in cells treated with LPS for 24 h, nuclei were labeled with DAPI (blue). All the methods are designated in the Materials and Methods (n = 3). Data are accessible as the means ± S.E.M. # p < 0.05 compared with the control group, * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the LPS-alone group. 
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Figure 5. The proposed mechanism is depicting the effect of IMP inhibiting inflammatory effects. IMP could interfere with the LPS binding to LBP, CD14, and MD-2 on the TLR4 co-receptor complex. Moreover, according to the previous reports described and the results in this manuscript, IMP attenuates the inflammatory effect cascade via inhibition of transcription factors including IκB/NF-κB, MAPK/AP-1, and JAKs/STATs inflammatory transcription factor signaling pathways. Moreover, IMP activates the antioxidative transcription factor Nrf2 signaling pathway in LPS-induced RAW264.7 murine macrophage cells. 
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