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Chelerythrine Attenuates the Inflammation of Lipopolysaccharide-Induced Acute Lung Inflammation Through NF-κB Signaling Pathway Mediated by Nrf2
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Chelerythrine (CH), is a kind of benzo[c] phenanthridine alkaloid isolated from plants such as Chelidonium, with pharmacological activities as antitumor, antibiosis and anti-inflammation. However, few studies have demonstrated whether CH could protect against lipopolysaccharide (LPS)-induced acute lung injury (ALI), and the underlying mechanism is also uncertain. The purpose of the present study was to investigate the anti-inflammatory effects of CH on LPS-induced ALI in mice and in RAW264.7 cells. In this study, we demonstrated that treatment with CH significantly ameliorated LPS-induced pathological changes in the lung. CH also attenuated LPS-induced W/D ratio, inflammatory cell infiltration. Meanwhile, LPS-induced Tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and interleukin 1β (IL-1β) production and oxidative stress were markedly suppressed by CH. Furthermore, western blot showed that CH suppressed LPS-stimulated inflammation of RAW264.7 cells through activation of nuclear factor kappa-B (NF-κB) pathway. Knocking down of nuclear factor erythroid 2-related factor 2 (Nrf2) led to the reduction of nuclear translocation of the NF-κB p65, which triggered inflammation. These experimental results provided evidence that CH could be a potential therapeutic candidate for the intervention of ALI caused by LPS.
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INTRODUCTION

Acute lung injury (ALI) is a major cause of morbidity and mortality in intensive care units (Maca et al., 2017). ALI, or its more severe form, acute respiratory distress syndrome (ARDS), is characterized by severe hypoxemia, pulmonary edema, neutrophil accumulation in the lung and intense pulmonary inflammatory response with the overproduction of inflammatory cytokines (Matthay et al., 2017). It is a common clinical problem with a high mortality rate of 30–40% despite significant advances in antimicrobial therapy and supportive care have been achieved in the past few decades (Naito et al., 2013). Accumulating evidence proved that various factors including dysregulation of inflammatory/anti-inflammatory pathway and oxidant/antioxidant dysfunction contributed to the pathogenesis of ALI (Hu et al., 2016; Ding et al., 2017; Lu et al., 2017). Unfortunately, there are still no effective treatments that could significantly reduce lung injury.

Traditional Chinese medicine has been widely used by almost one–fifth of the world’s population since ancient times and is still acknowledged as an important source of pharmaceutical remedies (Chen et al., 2015). Chelerythrine (CH) is a kind of benzo[c] phenanthridine alkaloid, with pharmacological activities as antitumor, antibiosis and anti-inflammation, which is widely found in plant of Fumariaceae, Papaveraceae, Ranunculaceae and Rutaceae families (Niu et al., 2011; Pencikova et al., 2012; Lin et al., 2017). CH inhibited the release/production of exudates and prostaglandin E (2) mediated through cyclooxygenase-2 regulation (Niu et al., 2011). CH could exert its anti-inflammatory effect through the inhibition of 5-lipoxygenase, attenuation of the oxidative burst and suppression of the P2X7 receptor activity (Shemon et al., 2004; Vrba et al., 2008). However, few studies have demonstrated whether CH could protect against lipopolysaccharide (LPS)-induced ALI, and the underlying mechanism is also uncertain. This study revealed protective effects of CH on LPS-induced ALI both in vivo and in vitro.

MATERIALS AND METHODS

Reagents

CH (pure: 99%) was provided by National Institutes for Food and Drug Control (Beijing, China). Myeloperoxidase (MPO), Malondialdehyde (MDA), Superoxide dismutase (SOD), and Wright–Giemsa staining kits were purchased from the Institute of Jiancheng Bioengineering (Nanjing, China). The enzyme-linked immunosorbent assay (ELISA) kits for determination of Tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and interleukin 1β (IL-1β) were produced by Nanjing KeyGEN Biotech. CO., LTD (Nanjing, China). Antibodies against nuclear factor erythroid 2-related factor 2 (Nrf2) (#12721), heme oxygenase (HO-1) (#70081), cyclooxygenase2 (Cox2) (#12282), nuclear factor kappa-B (NF-κB) p65 (#8242), IκBα (#4814), Phospho-IκBα (#2859), and β-Actin (#3700) were purchased from Cell Signaling Technology (Beverly, MA, United States). Lamin B1 (ab133741) and inducible Nitric Oxide Synthase (iNOS) (ab3523) antibodies were purchased from Abcam (Cambridge, MA, United States). Dimethyl sulfoxide (DMSO) and LPS were obtained from Sigma-Aldrich (St. Louis, MO, United States). Protease Inhibitor Cocktail was obtained from Roche Technology (Basel, Switzerland). N-acetyl-L-cysteine (NAC) and 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) were obtained from Beyotime Biotech (Nantong, China).

Cell Culture

RAW264.7 cells were purchased from Shanghai Institute of Cell Biology (Shanghai, China) and cultured in RPMI 1640 (Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (Gibco), 100 U/ml penicillin and 100 mg/ml streptomycin, and incubated under a humidified 5%(v/v) CO2 atmosphere at 37°C. Cells were treated with various concentrations of CH or 0.1% DMSO as control for 1 h, followed by 1 μg/ml LPS stimulation for 2 h. CH was dissolved in DMSO to a concentration of 2 mM (stock solution) and stored at –20°C. LPS was dissolved in H2O to a concentration of 1 mg/ml (stock solution) and stored at –20°C.

Detection of Intracellular ROS

Cells were incubated at the indicated conditions with 10 μM 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) at 37°C for 20 min, and then washed in PBS. Fluorescence were measured at 488 nm excitation and at 535 nm emission with a fluorescence microscope (Olympus, Japan). Results were expressed as relative to control DCF fluorescence.

Animals

Animal welfare and experimental procedures were conducted in accordance with the Provision and General Recommendation of Chinese Experimental Animals Administration Legislation and were approved by Animal Ethics Committee of Nanjing University of Chinese Medicine (NZY-20170530).

A total of 50 female BALB/c mice (18–22 g), obtained from Jiangning Qinglongshan Animal Cultivation Farm (Nanjing, China), was maintained in an animal facility under standard laboratory conditions for 7 days prior to experiments. Then the animals were randomly assigned to one of five groups (n = 10 per group). The groups consisted of control group (saline), LPS-induced ALI group, CH treatment only group (CH, 10 mg/kg), CH treatment of LPS-induced ALI group (CH, 5 mg/kg), CH treatment of LPS-induced ALI group (CH, 10 mg/kg). CH treatments were carried out for 7 consecutive days prior to LPS challenge by gavage. After CH treatment, the mice were anesthetized 2% sodium pentobarbital (80 mg/kg, Sigma-Aldrich, St. Louis, MO, United States) by intraperitoneal injection. Then, LPS (5 mg/kg, 0.9% saline) was administrated intratracheally to induce ALI. Control group mice were given equal volume 0.9% saline. Six hours later, all animals were sacrificed. Then, serum, bronchoalveolar lavage fluid (BALF, see below) and lung tissue samples were collected and stored.

Collection of BALF and Cell Counting

The bronchoalveolar lavage (n = 10) was harvested three times through a tracheal cannula with 0.5 ml (total volume 1.5 ml) of autoclaved phosphate buffer saline (PBS) to obtain the BALF. The total leukocyte count was determined using a hemocytometer. BALF samples were centrifuged at 1000 g for 5 min at 4°C, the supernatants were stored in –80°C for the further tests and the pellet was resuspended in 100 μl of PBS, stained with Wright-Giemsa staining (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) on the slides. The slides were quantified for neutrophils by counting a total of 200 cells.

Lung Wet-to-Dry Weight Ratios

The right lungs were excised at the end of the experiment. The trachea and esophagus were separated from the lungs by blunt dissection, and wet weight was determined immediately. Subsequently, the lungs were incubated at 60°C for 48 h to remove all moisture. Then the dry weight was measured and the ratio of wet-to-dry was calculated.

Analysis of MPO, SOD Activity, and MDA Content in Lung Tissues

The lung tissues from left upper lobe were homogenized in normal saline. The homogenates were centrifuged (12,000 rpm, 4°C, 20 min), and the supernatants were collected for subsequently measurements. MPO, MDA, and SOD levels in the tissues were determined using test kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All procedures were according to the manufacturers.

Histological Assessment

The lung tissues from left lower lobe were fixed in 4% paraformaldehyde for 48 h. Then the samples were dehydrated in graded alcohol and embedded in paraffin wax. After that, the ematoxylin and eosin (H&E) staining was performed according to the protocol (Fan et al., 2014). Samples were then examined with a microscope (Olympus, Japan).

Reverse Transcription and Quantitative PCR (Q-PCR)

Total RNA was isolated from cells as described (Fan et al., 2017). Quantitative PCR was carried out with the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, United States) using SYBR Green I dye (Biotium, Inc., Hayward, CA, United States). The primer sequences used were as follows (5′–3′): Tnf (NM_013693.3) sense, CTTCTCATTCCTGCT\TGTG and antisense ACTTGGTGGTTTGCTACG; Il1b (NM_008361.4) sense, CCTGGGCTGTCCTGATGAGAG and antisense TCCACGGGAAAGACACAGGTA; Il6 (NM_031168.2) sense, CTGCAAGAGACTTCCATCCAG and antisense AGTGGTATAGACAGGTCTGTTGG; GAPDH (NM_001289726.1) sense, AATGGATTTGGACGCATTGGT and antisense TTTGCACTGGTACGTGTTGAT.

Cell Viability Assay

Cell viability was assessed with Methylthiazoletetrazolium (MTT) assay. Briefly, the RAW264.7 cells were plated at a density of 3.0 × 103 cells/well in 96-well plates and incubated at 37°C for 24 h. The cells were treated with different concentrations of CH for another 24 h. Then 20 μl MTT (4 mg/ml in PBS) was added to each well and incubated at 37°C for 4 h. After removing incubation medium, the purple formazan crystals were dissolved in 200 μl of DMSO for 5 min. The absorbance values were measured at 570 nm using a microplate spectrophotometer (Tecan, Switzerland).

Cytokine Assay

The levels of TNF-α, IL-6, and IL-1β in BALF, serum and in the supernatant of RAW264.7 cells were measured using ELISA kits according to the manufacturer’s instructions provided by Nanjing KeyGEN Biotech. CO., LTD (Nanjing, China). The optical density (OD) of each well was detected with a microplate spectrophotometer.

Western Blotting

The total protein of cells or lung tissues from left upper lobe were extracted and immunoblots were performed as described (Fan et al., 2017). Nuclear proteins were prepared using cytoplasmic and nuclear protein extraction kit (KeyGEN, Nanjing, China). All of the protein fractions were stored at –80°C until use.

Small Interfering RNA (siRNA) Transfection

Nrf2 siRNA sequence and Luciferase siRNA used in RAW264.7 cells were purchased from (Thermo Fisher Scientific, Hudson, NH, United States) Cells were transfected with luciferase siRNA or Nrf2 siRNA using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s instructions (Fan et al., 2014). Then, the cells were treated with 2 μM CH or 0.1% DMSO as control for 1 h, followed by LPS stimulation for 2 h.

Statistical Analysis

The results were expressed as means ± SD and analyzed by one-way ANOVA and Tukey’s post hoc tests were applied when there are more than two groups in the independent variable. P-value < 0.05 is regarded as statistically significant.

RESULTS

Effects of CH on LPS-Induced Lung Injury in Mice

As shown in Figure 1A, the lungs of mice demonstrated a large number of neutrophil infiltration around the pulmonary vessel and airway, thickening of alveolar walls, and disruption of endothelial and epithelial integrity after intratracheally stimulated with LPS. On the contrary, CH treatment groups significantly improved the lung injury induced by LPS. Further evidence of LPS-induced structural deficits in lungs is increased wet/dry weight ratio (p < 0.05, Figure 1B), and increased MPO activity (p < 0.01, Figure 1C). The results indicate that CH could ameliorate the condition of pathological inflammation in pulmonary tissues of ALI induced by LPS.
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FIGURE 1. Effects of CH on LPS-induced lung injury in mice. (A) Representative histological images of lung tissues harvested from mice following LPS challenge showing the effect of CH. Tissues were stained with H&E (Scale bar = 100 μm). (B) Effects of CH on Lung wet/dry (W/D) ratio. (C) Effects of CH on MPO activity. Values were expressed as mean ± SD; n = 10 mice per group. #p < 0.05, ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



Effects of CH on Pro-inflammatory Cytokines in BALF and Serum

In our study, we found that LPS significantly increased the neutrophils in BALF, while pretreatment with CH significantly reduced the neutrophils in BALF (p < 0.01, Figures 2A,B). Inflammatory cytokines were involved in the initiation, amplification, perpetuation of inflammatory cascade in LPS-induced ALI (Stormann et al., 2017). Next, we detected the cytokine levels in BALF and serum. The results showed that LPS significantly increased the TNF-α, IL-6, and IL-1β in BALF and serum compared with those in the control group. Moreover, CH pretreatment dose-dependently prevented LPS-mediated increases of these cytokines (p < 0.01, Figures 2C–H).
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FIGURE 2. Effects of CH on pro-inflammatory cytokines in BALF and serum. CH reduced the number of total cells (A) and neutrophils (B) in BALF following LPS challenge. (D–G) CH inhibited LPS-induced inflammatory cytokines, TNF-α (C,F), IL-6 (D,G), and IL-1β (E,H) in BALF and serum. Values were expressed as mean ± SD; n = 10 mice per group. ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



CH Attenuates Lung Oxidative Stress in LPS-Induced Lung Injury in Mice

LPS significantly increased MDA content and decreased T-SOD activity, while CH pretreatment markedly reversed these enzyme activity (p < 0.01, Figures 3A,B). Western blot analysis showed that the expression of antioxidant responsive protein which including Nrf2 and HO-1 were decreased markedly in LPS-induced ALI. Treatment with CH dose-dependently activated Nrf2 and HO-1 (p < 0.01, Figures 3C,D).
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FIGURE 3. CH attenuated lung oxidative stress in LPS-induced lung injury in mice. (A) Production of MDA in lung tissue. (B) The activity of T-SOD in lung tissue. (C,D) Immunoblots against Nrf2, HO-1, and β-actin were detected. β-actin was taken as control. Blots are representative of the five groups. Values were expressed as mean ± SD. #p < 0.05, ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



Effects of CH on Pro-inflammatory Cytokines in RAW264.7 Cells

Next, we examined the effects of CH on pro-inflammatory cytokines in RAW264.7 cells using MTT assay. As shown in Figure 4A, CH did not display any cellular toxicity at 0.5, 1, and 2 μM. These results proved that the inhibitory effect caused by CH treatment was not due to its cytotoxity. To further confirm the anti-inflammatory activity of CH in vitro, the levels of TNF-α, IL-6, and IL-1β in cell supernatant was detected. Consistent with the result in vivo, LPS significantly increased the TNF-α, IL-6, and IL-1β in RAW264.7 cells, while CH pretreatment dose-dependently prevented LPS-mediated increases of these cytokines (p < 0.01, Figures 4B–D).
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FIGURE 4. Effects of CH on pro-inflammatory cytokines in RAW264.7 cells culture supernatants. (A) RAW264.7 cells were incubated with CH at various concentrations for 24 h. The cell viability was determined by MTT assay. Values were expressed as mean ± SD of three independent experiments. (B–D) RAW264.7 cells were pretreated with CH at 0.5, 1, or 2 μM for 1 h and then treated with LPS at 1 μg/ml for 2 h. DMSO was used as vehicle control for CH. TNF-α (B), IL-6 (C), and IL-1β (D) cytokine levels in the culture medium were measured by ELISA. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



Effects of CH on the NF-κB Pathway Activation in LPS-Stimulated RAW264.7 Cells

It is well known that NF-κB is a key regulator involved in inflammatory process. NF-κB is an important transcription factor involved in regulating inflammatory and immune responses. The activation of NF-κB owes to its phosphorylation and degradation of IκB which is combined with NFκB, leading to the translocation of NF-κB into the nucleus to induce the expression of proinflammatory mediators (Pace et al., 2016). To further explore the anti-inflammatory mechanisms of CH, we assessed the activation of the NF-κB pathway in LPS-stimulated RAW264.7 cells. As revealed in Figure 5A, LPS exposure led to the translocation of the NF-κB p65 from the cytosol to the nucleus. However, significant reduction of nuclear p65 protein was observed in RAW264.7 cells pretreatment with CH in a dose-dependent manner (p < 0.01, Figure 5A). Meanwhile, the expression of downstream targets of NF-κB, iNOS, and Cox2, were dose-dependently reduced by CH in LPS treated RAW264.7 cells (p < 0.01, Figure 5D). Taken together, these results indicate that CH inhibits LPS-induced inflammatory responses by attenuating the release of pro-inflammatory cytokines through the inhibition of NF-κB activation.


[image: image]

FIGURE 5. Effects of CH on the NF-κB pathway activation in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with CH at 0.5, 1, or 2 μM for 1 h and then treated with LPS at 1 μg/ml for 2 h. DMSO was used as vehicle control for CH. (A–C) Expressions of NF-κB in cytosol and nuclear (B), phosphorylated or total forms of IκBα (C) were measured by western blot. β-actin and Lamin B1 was taken as control. (D–F) Immunoblots against Cox-2 (E), iNOS (F) and β-actin from cell lysates of RAW264.7 were detected. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



Effects of CH on the LPS-Induced Stimulation of Reactive Oxygen Species (ROS)

In vivo experiments also implied that CH may possess a potential anti-antioxidant effect. To confirm this hypothesis, Effects of CH on the LPS -induced stimulation of reactive oxygen species (ROS) was detected by DCFH-DA. As shown in Figure 6A, LPS induced ROS rise was significantly restrained by CH in a dose-dependent manner (p < 0.01, Figure 6A). To further investigate the role of ROS in inflammation induced by LPS, NAC, an active oxygen inhibitor, which inhibits the production of ROS, was used. Compared with the LPS-treated group, pretreatment with NAC strongly dampened NF-κB translocation and reduced the expression of downstream targets of NF-κB, iNOS, and Cox2 (p < 0.01, Figures 6B–F), which indicated that NAC can dampen NF-κB translocation by inhibiting the LPS-induced stimulation of ROS.
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FIGURE 6. Effects of CH on the production of ROS in LPS-stimulated RAW264.7 cells. (A) RAW264.7 cells were pretreated with CH at 0.5, 1, or 2 μM for 1 h and then treated with LPS at 1 μg/ml for 2 h. DMSO was used as vehicle control for CH. Intracellular ROS induced by LPS was measured using respective fluorescent dyes DCFH-DA. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group. (B–F) RAW264.7 cells were pretreated with 2 μM CH for 1 h or 5 mM NAC for 2 h, and then treated with LPS at 1 μg/ml for 2 h. DMSO was used as vehicle control for CH. Immunoblots against NF-κB in nuclear (C) and cytosol (D), Cox-2 (E), and iNOS (F) from cell lysates of RAW264.7 were detected. β-actin and Lamin B1 was taken as control. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01 versus control group. ∗p < 0.05, ∗∗p < 0.01 versus LPS group.



CH Nrf2-Dependently Regulates NF-κB Pathway Activation in LPS-Stimulated RAW264.7 Cells

To assess the role of ROS in NF-κB translocation dampened by CH, the expression of antioxidant responsive protein including Nrf2 and HO-1 was detected. Consistent with the results in vivo, treatment with CH dose-dependently activated Nrf2 and HO-1 decreased by LPS in RAW264.7 cells (p < 0.05, Figure 7A). Furthermore, to determine whether activation of Nrf2 contributes to effect of CH on lung protection, Nrf2 was knocked down in RAW264.7 cells using Nrf2 siRNA (Si-NFE2L2). As shown in Figure 7D, while CH reduced the translocation of the NF-κB p65 from the cytosol to the nucleus in LPS-stimulated RAW264.7 cells, its modulation on NF-κB p65 translocation was strongly diminished when Nrf2 was knocked down (p < 0.01, Figure 7D). Meanwhile, CH pretreatment didn’t show any effect on ROS production in LPS-stimulated RAW264.7 cells transfected with Nrf2 siRNA (p < 0.01, Figure 7G). Furthermore, LPS-induced increases in TNF-α, IL-6, and IL-1β production weren’t reduced by CH in RAW264.7 cells transfected with Nrf2 siRNA (p < 0.01, Figures 7H–J). These results strongly indicate that Nrf2 is essential for CH’s protection against LPS induced ALI.


[image: image]

FIGURE 7. CH Nrf2-dependently regulates NF-κB pathway activation in LPS-stimulated RAW264.7 cells. (A–C) RAW264.7 cells were pretreated with CH at 0.5, 1, or 2 μM for 1 h and then treated with LPS at 1 μg/ml for 2 h. DMSO was used as vehicle control for CH. Immunoblots against Nrf2 (B), HO-1 (C), and β-actin were detected. β-actin was taken as control. Blots are representative of three independent experiments. Values were expressed as mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01 versus control group. ∗p < 0.05, versus LPS group. (D–J) RAW264.7 cells were transfected with Luc siRNA (Si-NC) or Nrf2 siRNA (Si-NFE2L2) for 24 h, followed by incubation with 2 μM CH for 1 h and then treated with LPS at 1 μg/ml for 2 h. (D–F) The expressions of NF-κB in nuclear (E) and cytosol (F) were measured by western blot. β-actin and Lamin B1 was taken as control. Values were expressed as mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01 versus control group. ∗p < 0.05, versus LPS group. (G) Intracellular ROS induced by LPS was measured using respective fluorescent dyes DCFH-DA. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01 versus control group. ∗∗p < 0.01 versus LPS group. (H–J) Representative mRNA levels of Tnf (H), Il6 (I), and Il1b (J). GAPDH was taken as control. Values were expressed as mean ± SD of three independent experiments. ##p < 0.01, versus control group. ∗p < 0.05, versus LPS group.



DISCUSSION

Acute lung injury is characterized by lung edema, extensive neutrophil infiltration, disruption of endothelial and epithelial integrity and release of pro-inflammatory mediators (Yu et al., 2014). The proinflammatory path is triggered in major parts by IL-1β and TNF-α. These cytokines are released during early phases and cause the release of further proinflammatory cytokines-among them IL-6 (Stormann et al., 2017). Despite being considered a pro-inflammatory cytokine, IL-6 could also exert anti-inflammatory effects (Starkie et al., 2003; Menghini et al., 2014). Chelerythrine, a specific inhibitor of protein kinase C that interacts with the catalytic subunit, has been shown to decrease the level of IL-6 mRNA and CCL-2 expression in LPS stimulated THP-1 cells (Pencikova et al., 2012). In this study, we found that CH pretreatment markedly inhibited pulmonary edema and the neutrophil infiltration in LPS induced ALI. Furthermore, TNF-α, IL-6, and IL-1β increased evidently in BALF and cell supernatant after LPS exposure. As expected, CH pretreatment significantly decreased the TNF-α, IL-6, and IL-1β in BALF and in cell supernatant.

NF-κB plays an important role in regulating of proinflammatory mediators in ALI (Zhu et al., 2017; Zhang et al., 2018). NF-κB is activated by various stimuli such as cytokines, ROS, bacterial or viral products (Zhao M.X. et al., 2017). Activated NF-κB translocates into the nucleus where it triggers the transcription of specific genes such as TNF-α, IL-1β, and IL-6 (Tang et al., 2017). NF-κB binding sequences have also been identified in proinflammatory genes such as iNOS and COX-2 (Zhang et al., 2018). The protective effects of CH on LPS-induced endotoxic shock can be attributed to attenuating inflammatory cytokines and inhibition of the expression of NF-κB (Niu et al., 2014). In our study, we showed that CH inhibited LPS-induced NF-κB activation in RAW264.7 cells. Moreover, iNOS, COX-2 were also suppressed by CH.

Exposed to high concentration of oxygen for over time will suppress the ability to scavenge excessive ROS, conducing to various pulmonary dysfunction, such as membrane injury, intracellular edema and lipid peroxidation (Yu et al., 2015). The most important source of oxidative stress in ALI is attributed to the consumption of oxygen that results in the production of superoxide anions during neutrophil recruitment (Tsai et al., 2017). Previous investigators displayed that MDA and SOD were closely associated with the inflammatory pathogenesis of LPS-induced ALI (Jing et al., 2015). MDA is one of the major reliable index of lipid peroxidation and has been reported to play a critical role in the LPS-induced ALI (Kumari et al., 2015). MDA is an important marker of tissue damage, both at central and peripheral level, and natural compounds exerting protective effects are able to blunt MDA upregulated levels induce by oxidant and inflammatory stimuli, including LPS (Ferrante et al., 2017; Locatelli et al., 2018; Menghini et al., 2018). Evidence has emerged indicated that SOD is involved in the mediation of transcription factors which govern the generations of inflammatory cytokines (Ward, 2010). The present study showed that CH remarkedly reduced oxidative burden during the inflammatory response to LPS both in vivo and in vitro.

Endogenous antioxidants cope with the oxidative burden and limit potential toxicity of ROS. Nrf2 is critical in cytoprotection by inducing expression of antioxidant and detoxifying enzymes and proteins via its binding to the cis-acting antioxidant response element (ARE) (Zhao H. et al., 2017). Numerous in vitro and in vivo studies have demonstrated the importance of Nrf2 activation to decrease oxidative stress and inflammation in conditions such as ALI (Cho et al., 2015). The Nrf2 pathway could support TNF-induced NF-kB-mediated survival signaling (Blaser et al., 2016). We showed that CH activated Nrf2 pathway decreased by LPS both in vitro and in vivo. Based on our results, we expected the role of Nrf2 in cytoprotect effects of CH against LPS-induced ALI. Therefore, Knockdown of Nrf2 gene was performed. We assumed that knockdown of Nrf2 diminished CH-mediated protective effects in ALI.

CONCLUSION

These results of the present study revealed that CH exhibited protective effects on LPS-induced ALI in vivo and in vitro by attenuating the inflammatory response through NF-κB pathway mediated by Nrf2 (Figure 8). Therefore, CH may be considered as a potential agent for the treatment of ALI in the future.
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FIGURE 8. Mechanism for CH’s effects on LPS induced ALI. CH protection against LPS induced ALI through Nrf2 activation, knocking down of Nrf2 leading to the reduction of nuclear translocation of the NF-κB p65, which triggers inflammation.



AUTHOR CONTRIBUTIONS

LF and HW conceived and designed the study. LF, YF, LLiu, WT, XS, and YD acquired, analyzed, and/or interpreted the data. LF, YF, LLi, SZ, and HW drafted/revised the work for intellectual content and context. HW contributed to final approval and overall responsibility for the published work.

FUNDING

This work was supported by the National Natural Science Foundation of China (Grant Nos. 81603141, 81460645, 81603227, and 81503465), Key Research and Development Projects (Grant No. 2016KJHM46), Ningxia Natural Fund (Grant No. 2018AAC02009), Social Development Projects of Jiangsu Province (Grant No. BE2017720), and the Natural Science Foundation of Guangdong Province (Grant No. 2015A030310263).

REFERENCES

Blaser, H., Dostert, C., Mak, T. W., and Brenner, D. (2016). TNF and ROS crosstalk in inflammation. Trends Cell Biol. 26, 249–261. doi: 10.1016/j.tcb.2015.12.002

Chen, T., Gao, J., Xiang, P., Chen, Y., Ji, J., Xie, P., et al. (2015). Protective effect of platycodin D on liver injury in alloxan-induced diabetic mice via regulation of Treg/Th17 balance. Int. Immunopharmacol. 26, 338–348. doi: 10.1016/j.intimp.2015.04.001

Cho, H. Y., Jedlicka, A. E., Gladwell, W., Marzec, J., Mccaw, Z. R., Bienstock, R. J., et al. (2015). Association of Nrf2 polymorphism haplotypes with acute lung injury phenotypes in inbred strains of mice. Antioxid. Redox Signal. 22, 325–338. doi: 10.1089/ars.2014.5942

Ding, Q., Liu, G. Q., Zeng, Y. Y., Zhu, J. J., Liu, Z. Y., Zhang, X., et al. (2017). Role of IL-17 in LPS-induced acute lung injury: an in vivo study. Oncotarget 8, 93704–93711. doi: 10.18632/oncotarget.21474

Fan, L., Li, A., Li, W., Cai, P., Yang, B., Zhang, M., et al. (2014). Novel role of Sarco/endoplasmic reticulum calcium ATPase 2 in development of colorectal cancer and its regulation by F36, a curcumin analog. Biomed. Pharmacother. 68, 1141–1148. doi: 10.1016/j.biopha.2014.10.014

Fan, L., Xiao, Q., Chen, Y., Chen, G., Duan, J., and Tao, W. (2017). Pekinenin E inhibits the growth of hepatocellular carcinoma by promoting endoplasmic reticulum stress mediated cell death. Front. Pharmacol. 8:424. doi: 10.3389/fphar.2017.00424

Ferrante, C., Recinella, L., Locatelli, M., Guglielmi, P., Secci, D., Leporini, L., et al. (2017). Protective effects induced by microwave-assisted aqueous harpagophytum extract on rat cortex synaptosomes challenged with amyloid beta-peptide. Phytother. Res. 31, 1257–1264. doi: 10.1002/ptr.5850

Hu, X., Fu, Y., Lu, X., Zhang, Z., Zhang, W., Cao, Y., et al. (2016). Protective effects of platycodin D on lipopolysaccharide-induced acute lung injury by activating LXRα–ABCA1 signaling pathway. Front. Immunol. 7:644. doi: 10.3389/fimmu.2016.00644

Jing, W., Chunhua, M., and Shumin, W. (2015). Effects of acteoside on lipopolysaccharide-induced inflammation in acute lung injury via regulation of NF-κB pathway in vivo and in vitro. Toxicol. Appl. Pharmacol. 285, 128–135. doi: 10.1016/j.taap.2015.04.004

Kumari, A., Tyagi, N., Dash, D., and Singh, R. (2015). Intranasal curcumin ameliorates lipopolysaccharide-induced acute lung injury in mice. Inflammation 38, 1103–1112. doi: 10.1007/s10753-014-0076-y

Lin, W., Huang, J., Yuan, Z., Feng, S., Xie, Y., and Ma, W. (2017). Protein kinase C inhibitor chelerythrine selectively inhibits proliferation of triple-negative breast cancer cells. Sci. Rep. 7:2022. doi: 10.1038/s41598-017-02222-0

Locatelli, M., Macchione, N., Ferrante, C., Chiavaroli, A., Recinella, L., Carradori, S., et al. (2018). Graminex pollen: phenolic pattern, colorimetric analysis and protective effects in immortalized prostate cells (PC3) and rat prostate challenged with LPS. Molecules 23:E1145. doi: 10.3390/molecules23051145

Lu, Q., Mundy, M., Chambers, E., Lange, T., Newton, J., Borgas, D., et al. (2017). Alda-1 protects against acrolein-induced acute lung injury and endothelial barrier dysfunction. Am. J. Respir. Cell Mol. Biol. 57, 662–673. doi: 10.1165/rcmb.2016-0342OC

Maca, J., Jor, O., Holub, M., Sklienka, P., Bursa, F., Burda, M., et al. (2017). Past and present ARDS mortality rates: a systematic review. Respir. Care 62, 113–122. doi: 10.4187/respcare.04716

Matthay, M. A., Mcauley, D. F., and Ware, L. B. (2017). Clinical trials in acute respiratory distress syndrome: challenges and opportunities. Lancet Respir. Med. 5, 524–534. doi: 10.1016/S2213-2600(17)30188-1

Menghini, L., Leporini, L., Pintore, G., Ferrante, C., Recinella, L., Orlando, G., et al. (2014). A natural formulation (imoviral) increases macrophage resistance to LPS-induced oxidative and inflammatory stress in vitro. J. Biol. Regul. Homeost. Agents 28, 775–782.

Menghini, L., Leporini, L., Vecchiotti, G., Locatelli, M., Carradori, S., Ferrante, C., et al. (2018). Crocus sativus L. stigmas and byproducts: qualitative fingerprint, antioxidant potentials and enzyme inhibitory activities. Food Res. Int. 109, 91–98. doi: 10.1016/j.foodres.2018.04.028

Naito, M., Taguchi, O., Kobayashi, T., Takagi, T., D’alessandro-Gabazza, C. N., Matsushima, Y., et al. (2013). Thrombin-activatable fibrinolysis inhibitor protects against acute lung injury by inhibiting the complement system. Am. J. Respir. Cell Mol. Biol. 49, 646–653. doi: 10.1165/rcmb.2012-0454OC

Niu, X., Mu, Q., Li, W., Huang, H., Yao, H., and Li, H. (2014). Protective effects of chelerythrine against lipopolysaccharide-induced endotoxic shock in mice. Inflammation 37, 1968–1975. doi: 10.1007/s10753-014-9929-7

Niu, X. F., Zhou, P., Li, W. F., and Xu, H. B. (2011). Effects of chelerythrine, a specific inhibitor of cyclooxygenase-2, on acute inflammation in mice. Fitoterapia 82, 620–625. doi: 10.1016/j.fitote.2011.01.020

Pace, E., Ferraro, M., Di Vincenzo, S., Siena, L., and Gjomarkaj, M. (2016). Effects of ceftaroline on the innate immune and on the inflammatory responses of bronchial epithelial cells exposed to cigarette smoke. Toxicol. Lett. 258, 216–226. doi: 10.1016/j.toxlet.2016.06.2105

Pencikova, K., Kollar, P., Muller Zavalova, V., Taborska, E., Urbanova, J., and Hosek, J. (2012). Investigation of sanguinarine and chelerythrine effects on LPS-induced inflammatory gene expression in THP-1 cell line. Phytomedicine 19, 890–895. doi: 10.1016/j.phymed.2012.04.001

Shemon, A. N., Sluyter, R., Conigrave, A. D., and Wiley, J. S. (2004). Chelerythrine and other benzophenanthridine alkaloids block the human P2X7 receptor. Br. J. Pharmacol. 142, 1015–1019. doi: 10.1038/sj.bjp.0705868

Starkie, R., Ostrowski, S. R., Jauffred, S., Febbraio, M., and Pedersen, B. K. (2003). Exercise and IL-6 infusion inhibit endotoxin-induced TNF-alpha production in humans. FASEB J. 17, 884–886. doi: 10.1096/fj.02-0670fje

Stormann, P., Lustenberger, T., Relja, B., Marzi, I., and Wutzler, S. (2017). Role of biomarkers in acute traumatic lung injury. Injury 48, 2400–2406. doi: 10.1016/j.injury.2017.08.041

Tang, X., Sun, L., Jin, X., Chen, Y., Zhu, H., Liang, Y., et al. (2017). Runt-related transcription factor 1 regulates LPS-induced acute lung injury via NF-κB signaling. Am. J. Respir. Cell Mol. Biol. 57, 174–183. doi: 10.1165/rcmb.2016-0319OC

Tsai, Y. F., Chu, T. C., Chang, W. Y., Wu, Y. C., Chang, F. R., Yang, S. C., et al. (2017). 6-Hydroxy-5,7-dimethoxy-flavone suppresses the neutrophil respiratory burst via selective PDE4 inhibition to ameliorate acute lung injury. Free Radic. Biol. Med. 106, 379–392. doi: 10.1016/j.freeradbiomed.2017.03.002

Vrba, J., Dvorak, Z., Ulrichova, J., and Modriansky, M. (2008). Conventional protein kinase C isoenzymes undergo dephosphorylation in neutrophil-like HL-60 cells treated by chelerythrine or sanguinarine. Cell Biol. Toxicol 24, 39–53. doi: 10.1007/s10565-007-9014-1

Ward, P. A. (2010). Oxidative stress: acute and progressive lung injury. Ann. N. Y. Acad. Sci. 1203, 53–59. doi: 10.1111/j.1749-6632.2010.05552.x

Yu, S., Shi, M., Liu, C., Liu, Q., Guo, J., Yu, S., et al. (2015). Time course changes of oxidative stress and inflammation in hyperoxia-induced acute lung injury in rats. Iran. J. Basic Med. Sci. 18, 98–103.

Yu, W. W., Lu, Z., Zhang, H., Kang, Y. H., Mao, Y., Wang, H. H., et al. (2014). Anti-inflammatory and protective properties of daphnetin in endotoxin-induced lung injury. J. Agric. Food Chem. 62, 12315–12325. doi: 10.1021/jf503667v

Zhang, Y., Xu, T., Pan, Z., Ge, X., Sun, C., Lu, C., et al. (2018). Shikonin inhibits myeloid differentiation protein 2 to prevent LPS-induced acute lung injury. Br. J. Pharmacol. 175, 840–854. doi: 10.1111/bph.14129

Zhao, H., Eguchi, S., Alam, A., and Ma, D. (2017). The role of nuclear factor-erythroid 2 related factor 2 (Nrf-2) in the protection against lung injury. Am. J. Physiol. Lung Cell Mol. Physiol. 312, L155–L162. doi: 10.1152/ajplung.00449.2016

Zhao, M. X., Zhou, B., Ling, L., Xiong, X. Q., Zhang, F., Chen, Q., et al. (2017). Salusin-beta contributes to oxidative stress and inflammation in diabetic cardiomyopathy. Cell Death Dis. 8:e2690. doi: 10.1038/cddis.2017.106

Zhu, G., Xin, X., Liu, Y., Huang, Y., Li, K., and Wu, C. (2017). Geraniin attenuates LPS-induced acute lung injury via inhibiting NF-κB and activating Nrf2 signaling pathways. Oncotarget 8, 22835–22841. doi: 10.18632/oncotarget.15227

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Fan, Fan, Liu, Tao, Shan, Dong, Li, Zhang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fphar-09-01047-g001.jpg
* %k
—
T
N

kk
*
1

LPS CH10 \2
S

control

[ I I |
o0 O < AN

(6/n) Ananoe OdIN

0

o3 T

fPara i >

Ca et gy * |- - Q
P T ; /4

5 g

e

sl -

: 1 ~ uﬂm.w.w
¥ Vgl s O NS R AT
{E e &

= Sud 8 s iy MW

=g 4 ¥ 1 o NS <

SR “pes. i i 7 5= Hd

o 9

NN
e .
A

T
1

LPS CH10

1
control

I T T T
0 © < N

sbun| jo ones g/M

0





OPS/images/fphar-09-01047-g002.jpg
®) ®)
*_I_ |/0\m\ x% *_l_ |/0~%\ XrO
(o4
50, 72 - ox% ?
_._H-w %; __Hw 2
« - ¢ : ¢
s I
-2 =
) T T m I T T w
3 8 8 ° 3 8 8 °
(Jw/bd) 47vg ur 97| (Jw/Bd) wnies ur gL-71
(] I
- & % * - O S
\w\ < \m\ (0%
m O ? o Ox 7
*_H-w %ov T_H-w %
wn wn
=H - = <
£ H e
L L 1 —-ﬁ m 1 L L] m
3 38 3 e m m 3 e
(jw/bd) 47vg Ul P-4NL (Jw/6d) wnies ur 9-|
O O
* L * »
tH_to tH o
4. %
*_l_ /O\m\fu & *__ |/0\m\ x%
(o4
o, 2 0O, 7
15 s, 1z "%,
(@]
n - 7]
= H - - -
[}z }2
B= =
1 L 1 L] L] m 1 L L w
m [o0] (o] <t (q\] o m m w o
(lw/,01x) 47v4 ut sjydosnaN I —————
m LL
* B * L
*__ o, *; o,
4. \w\O
H e n H o e,
O\W\O oy o o,
__H-m % _._H-H %ov
O ? M
H= (7)) F=
= = -
{12 I+
= = I.-.m
T T T L] m ) T L w
Q ~L 2 ok © 3 8 3 =

(lwgoLx) 47vg Ul s|1990 [ejol

<

L

(Jw/bd) J7vg ur diL-T1






OPS/images/fphar-09-01047-g003.jpg
y-
#
o3
o
(@)]
g %
B 27 T
E kk
E .
\./1_ o T
<
)
=
S ool LPS CH10 & '
contro 2 N
X
X
L o
SN
NIf 2 [ N—
HO-1 | — _—
B—actin — — il — —

control

LPS CH10

N

T-SOD (U/mgpro)

Relative band density

20-

—
15+ T
%k
_—
10- *
- i
Y comrol LPS CHT0 < '
contro e N
U
X
6 X
< Q%
1 control v
Bl LPS
1.5+ B CH 10 mg/kg
LPS+CH 5 mg/kg
1 LPS+CH 10 mg/kg
1.04 — ok — ok
- T
t 3
0.5+
#H
H
0.0
Nrf 2 HO-1





OPS/images/fphar-09-01047-g004.jpg
150 -

o

|| ]
- o
O 5
1

(Jw/6d) o-4NL

| 1
S)
' =
I
O

— 1

l

:

| | | |
-~

(Q\|
(@o) Ajigela (189

CH (uM)

| | | | | | 1 AD\W
3 S 3 © -
(jwybd) g1-71

*_I_ - +

*_l_ - -+

*_I_ -4
o o o
-t = ok
(Jwy/6d) 9-T1

CH (uM) -

0.5

2

CH (uM) -





OPS/images/fphar-09-01047-g005.jpg
A
LPS
CH

NF-kB p65 (N)
NF-kB p65 (C)
Lamin B1
p-IkBa

IkBa

B-actin

LPS
CH

Cox2
iNOS

B-actin

-

e + = + + +
- - 2 05 1 2
| — —_—

— —
? T

nuclear NF-kB p65
T

Relative band density of

o1

LPS -
CH (uM) -

m

Relative band density of
Cox2

Relative band density of

H

iNOS
e

—_
1

Relative band density of

H

CH (uM) -

il [

vl





OPS/images/fphar-09-01047-g006.jpg
LPS - + - + + +

100 pm

- B PS - - - -+ o+ o+ 4
% = CH - + - + - + -

8 NAC - - + o+ - -+

e

g L NF-kB p65 (N)| — e |
& 3 *

] NF-KkB p65 (C)| - - - ‘
() *

o 2-

S Cox2| = - e |
7 Kk

o 1

s iNOS| o |
b = 0 T T T T T

l-(_l3 LPS - + - + + * LaminB1|---—————|
d CH - - 2 05 1 2

B—actin|—— -—————|

sk
ek

C D
151 1.5
kS kS
0
28 # z2¢
c = cm
S m 10 & 8 1.01 % ik
T X T
oW = *
CZ =
P e
° 8 5 ° 505
[ORN] o 3L
273 = 2 8 #
% 2 sk ’_T_I s % 3
Yool 1Ml [] “ o0 . ; i —
LPS - - - - + + + + LP - - - - + + + +
CH - + - + -+ - CH - + - + -+ « +
NAC - - + o+ - - + + NAC - - + o+ - - + +
E F
15+ 54
s %5 i
> >
[o] - [0}
] N10 S ¢ 3l
° X T 0
c O EZ
g(_) s = 2 P
) o
2 2
© ©
o ©
o o

LIPS = % =» = % & -+
CH - + -
NAC - - +

LPS - - - - o+ o+ o+
CH - + - + - + .
NAC - - + + - - +

]
i
i
b
-
+ o+ +-]'|§‘e

]
H
1}
. H





OPS/images/cover.jpg
, frontiers
in Pharmacology

Chelerythrine Attenuates the
Inflammation of
Lipopolysaccharide-Induced Acute
Lung Inflammation Through
NF-kB Signaling Pathway
Mediated by Nrf2





OPS/images/fphar-09-01047-g007.jpg
B
LPS - + - + + + 1.5
CH (uM) - - 2 0.5 1 2 ©
>
Nrfz e — — ﬁ‘ % 1.0_ ] j_—
o} k
5 &
c e
HO-1 | — - - — Q—‘ B< #
() 0.5_
=
©
afm = |} -
LPS - + - + + +
CH (uM) - - 2 0.5 1 2
Si-NC Si-NFE2L2 =) < T
IPE - % = % = ok = 5 el o i
CH - . + o+ - -+ o+ s |
C
T 6-
NF-kB p65 (N)| — . “ - 'i'| o i
c zZ
" _‘3 = 4 *
=0
e | 2_
LaminB1|_——-||--—-| %c ’_T_‘
o
. 0 1 1 I I
B-aCt|n|_ — —— — || . P —— _| LPS - + - + - + - +
CH - + + - -+ o+
H |
3 Si-NC 3 Si-NC — 3 Si-NC
mm Si-NFE2L2 © mm Si-NFE2L2 e mm Si-NFE2L2
3 3 64 o 5 "
5 - # #HH <
S 4l # i ! T Z 4 T 4
= T (hd
? 8 £ 3 €
0 3 = 3
5 2 . ©
22 ol = s 2
I.E 2 ok o 2 * g 2 *
L8 ﬁ = B 1.
3¢ LT  Ninilin ¢ L]
O 1 T T T m 0 |—| T T T 0 1 T 1
LPS - + - + - + - + LPS - + - + - + - + LPS - + - + - +
CH - - + + - - + + CH - - + - - + 4+ CH- - + + - -

F

1.5+
G
=
£ 1.0{— .
-O‘_
o *
o 0.5
= #
KW
: _ 1N
00 T T T T 1
LPS - + - + + +
CH (uM) - . 2 05 1 2
25+ [ Si-NC
- Bl Si-NFE2L2
218201
=8
< m
3 ¥ 1.54 %
2z
& . ##
8 % 1.0
() N #
=
620.5— ’_-r_l
© ©
® 00 L
LPS - + - + - + - +
CH - -+ o+ - -+ 4+
J
o 3 Si-NC
3 mm Si-NFE2L2
R
< #
E T
E 4
-
= %
£ &
il
[0)
m Om 1 |l 1
+ LPS - + - + - + - +
+ CH- - + + - - + +





OPS/images/fphar-09-01047-g008.jpg
LPS  Chelerythrine

Inflammation









OPS/images/logo.jpg
, frontiers
in Pharmacology





