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            Abstract
          
        

        
          Echinacea purpurea (Asteraceae family) is widely used in the European countries and the United States due to its proven immune enhancement and anti-inflammatory effects. Echinacea purpurea has been reported prevent and treat upper respiratory tract infections and common cold, but the underlying molecular mechanisms are not well understood. In the present study, we examined the anti-inflammatory effects and molecular mechanisms of Echinacea purpurea (EP) extract using lipopolysaccharide (LPS)-stimulated signal pathways in RAW264.7 cells. Our results suggest that EP extract exerts anti-inflammatory effects by down-regulating the expression of LPS-induced toll-like receptor 4 (TLR4), subsequently inhibiting the activation of nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) signaling pathways and suppression of the release of pro-inflammatory cytokines. These results suggest that EP extract is a potential therapeutic agent for inflammatory diseases.
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      Introduction
      The innate immune system is the host’s first line of defense during infection and plays an important role in the early recognition and subsequent induction of inflammatory responses to invading pathogens.1) The innate immune system is primarily mediated by macrophages and dendritic cells, and the pattern recognition receptors (PRRs) of these immune cells bind to structures called pathogen-associated molecular patterns (PAMPs) of pathogens.2-6)

      Macrophages, the major pro-inflammatory cells, are activated by bacterial products such as lipopolysaccharide (LPS) to produce various inflammatory cytokines including interleukin-2 (IL-2), IL-6, and IL-1β, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and other inflammatory mediators like as nitric oxide (NO).7,8) Therefore, downregulating the expression of these pro-inflammatory mediators and therefore, cytokines, could ameliorate the inflammatory diseases.9)

      Lipopolysaccharide, a common PAMP, is a main composition of the outer membrane of Gram-negative bacteria and initiates a signaling cascade through interaction with the toll-like receptor 4 (TLR4).10) When TLR4 is activated by LPS, protein complexes like as TNF receptor-associated factor 6 (TRAF6) are recruited. Then, association of TRAF6 and transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1) activates the downstream signaling nuclear factor (NF)-κB, and mitogen-activated protein kinases (MAPKs).11)

      NF-κB exists in an inactive form in the cytoplasm and binds to the inhibitory protein IκBα. Upon stimulation of the pro-inflammatory signals, IκBα is phosphorylated by IκB kinase (IKK).12) After phosphorylation of IκB, the degraded and released NF-κB translocate to the nucleus and binds to the κB-binding site in the promoter region of the target genes and induce the transcription of pro-inflammatory mediators.13)

      The MAPKs, including extracellular signal regulated kinase (ERK), c-jun N-terminal kinase (JNK), and p38, respond to the extra-and intra-cellular stimuli and regulate immune responses, including pro-inflammatory cytokine production, cell proliferation, differentiation, and survival/apoptosis.14,15)

      Echinacea purpurea, a flower in the Asteraceae family, is widely known for its immunomodulatory effects and it is widely used in the United States and the European countries because of its proven immune enhancement and anti-inflammatory effects. Especially, Echinacea purpurea has been used extensively for the prevention and treatment of upper respiratory tract infections and common cold, but the underlying molecular mechanisms are not well understood.16-20) Therefore, the present study aimed to demonstrate the anti-inflammatory effects and the underlying molecular mechanisms of Echinacea purpurea (EP) extract in LPS-induced RAW264.7 cells.

    

    

  
    
      Materials and Methods
      
        1. Sample preparation
        Echinacea purpurea (L.) Moench aerial parts were extracted using 60% EtOH. The resulting solution was concentrated and dried to yield EP extract. The ﬁnished formulation was standardized to approximately 2% chicoric acid. This ingredient is produced by Evear Extraction (Féline, France). Then the EP extract was dissolved in dimethyl sulfoxide (DMSO) for in vitro studies.

      

      
        2. Chemicals and reagents
        Mouse RAW264.7 cells were provided by American Type Culture Collection (ATCC; Rockville, MD, USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin were provided by Gibco BRL (Grand Island, NY, USA). LPS (Escherichia coli O111:B4) was provided from Sigma-Aldrich Co (St. Louis, MO, USA). iNOS was obtained from the Invitrogen Life Technologies (Carlsbad, CA, USA). IL-2 and IL-10 were purchased from the Santa Cruz Biotechnology (Santa Cruz, CA, USA). IL-6, IL-1β, IFN-γ, and TNF-α were purchased from the Abcam (Cambridge, UK). p-IKKαβ, p-IκBα, p-NF-κB p65, NF-κB p65, p-ERK, ERK, p-p38, p38, TLR4, TRAF6, p-TAK1, TAK1, and β-actin were purchased from the Cell Signaling Technology, Inc (Danvers, MA, USA). HRP-conjugated goat anti-rabbit and goat anti-mouse antibodies were purchased from GenDEPOT (Barker, TX, USA).

      

      
        3. Cell culture
        RAW264.7 cells were maintained in DMEM supplemented with 10% heat-inactivated FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin and cultured under a humidified atmosphere at 37 ℃ and 5% CO2.

      

      
        4. Cell viability assay
        Cell viability was assessed by the 3-[4, 5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. RAW264.7 cells were treated with EP extract at concentration of 12.5, 25, or 50 μg/mL for 24 h. MTT solution (5 mg/mL) was added to each well, and the cells were incubated for 3 h at 37 ℃. The supernatant was removed from each well, and formazan crystals were resolved with DMSO. Cell viability was determined from the absorbance read with a microplate reader (Tecan, Männedorf, Switzerland) at a wavelength of 570 nm.

      

      
        5. Measurement of nitric oxide (NO) production
        NO concentrations in cell culture supernatants were measured using Griess reagent according to the manufacturer’s instructions (Promega, Madison, WI, USA). RAW264.7 cells were stimulated with LPS (100 ng/mL) and EP extract (12.5, 25, or 50 μg/mL) for 24 h, then the cell culture supernatants were harvested and briefly centrifuged. Next 50 μL of the cell culture supernatants was mixed with 100 μL of Griess reagent and reacted for 10 min at room temperature in the dark. Absorbance was determined using a microplate reader at a wavelength of 570 nm.

      

      
        6. Protein extraction and western blot analysis
        Western blot analysis was executed by lysing cells in RIPA buffer (DYNE Bio, Seongnam, Korea) containing a protease inhibitor cocktail tablet (Roche, Mannheim, Germany). BCA protein assay kit (Thermo, Waltham, USA) was used to measure the total protein concentration of each lysate. Protein was electrophoresed on SDS-PAGE and moved onto membranes (Millipore Corp., Bedford, MA, USA). For blocking, the membranes were kept for 1 h at 23 ℃ and then reacted with the primary antibodies (1:1000) against iNOS, IL-2, IL-6, IL-10, IL-1β, IFN-γ, TNF-α, p-IKKαβ, p-IκBα, p-NF-κB p65, NF-κB p65, p-ERK, ERK, p-p38, p38, TLR4, TRAF6, p-TAK1, TAK1, or β-actin at 4 ℃ for overnight. The incubated membranes were washed and further reacted with goat anti-rabbit IgG(H+L)-HRP or goat anti-mouse IgG(H+L)-HRP secondary antibodies (1:10000) at 23 ℃ for 1 h. The membranes were processed using ECL solution (Atto, Tokyo, Japan) for detection and the band intensity was analyzed using Image-Pro Plus (Media Cybernetics, Inc., USA). The β-actin was used as a control for normalization. Bands on the membranes were quantified with the ImageJ program (developed at the NIH).

      

      
        7. Statistical analysis
        All data are presented as the mean ± standard deviation. Groups were compared using the student’s t-test and one-way analysis of variance, as applicable. Statistical analyses were performed using an Origin 7 software (Microcal Software, Northampton, MA, USA). P< 0.05 and P< 0.01 were considered to be statistically significant.

      

    

    

  
    
      Results
      
        1. Effects of EP extract on cell viability
        To confirm the cytotoxicity effects of EP extract on RAW264.7 cells, we exposed the cells to various concentrations of EP extract (12.5, 25, or 50 μg/mL) for 24 h. As shown in Fig. 1A, EP extract was not cytotoxic up to 50 μg/mL. Therefore, we selected 12.5, 25, or 50 μg/mL EP extract concentrations for subsequent in vitro experiments.

        
          
          

          Fig. 1. 
				
          

          
            Effects of EP extract on cell viability and NO production. (A) RAW264.7 cells were treated with various concentrations of EP extract (12.5, 25, or 50 μg/mL) for 24 h. The cell viability was evaluated using the MTT assay. (B) RAW264.7 cells were stimulated with LPS (100 ng/mL) in the absence or presence of EP extract (12.5, 25, or 50 μg/mL) for 24 h. NO production levels in the culture supernatants were measured using Griess reagent. The data presented are the mean ± standard deviation of three independent experiments and differences between the mean values. ##P< 0.01 vs. Control group; **P< 0.01 vs. LPS group.
          
          

          

        

      

      
        2. Effects of EP extract on NO production
        We examine the possibility of EP extract to inhibit LPS-induced NO production. Based on our findings, LPS 100 ng/mL treatment increased the NO production. On the other hand, treatment with EP extract at 12.5, 25, or 50 μg/mL decreased the LPS-mediated NO production by 7.87%, 8.49%, and 47.50%, respectively(Fig. 1B).

      

      
        3. Effects of EP extract on inflammatory cytokines in LPS-stimulated RAW264.7 cells
        iNOS plays important role in the synthesis of NO. Thus, we investigated whether the EP extract influenced the expression of iNOS in RAW264.7 cells. Treatment with EP extract suppressed the expression of iNOS (18.46%) in LPS-treated RAW264.7 cells (Fig. 2).

        
          
          

          Fig. 2. 
				
          

          
            Effects of EP extract on inflammatory cytokines in LPS-stimulated RAW264.7 cells. RAW264.7 cells were stimulated with LPS (100 ng/mL) in the absence or presence of EP extract (12.5, 25, or 50 μg/mL) for 24 h. Protein expressions were analyzed by western blot with specific antibodies. β-actin was used as a control. The data presented are the mean ± standard deviation of three independent experiments and differences between the mean values. ##P< 0.01 vs. Control group; *P< 0.05, **P< 0.01 vs. LPS group.
          
          

          

        

        To analyze the potential anti-inflammatory effects of EP extract, we investigated whether EP extract influenced the expression of pro-inflammatory cytokines in LPS-stimulated RAW264.7 cells. The protein expression of IL-2, IL-6, IL-1β, IFN-γ, and TNF-α were evaluated using western blotting. The results showed that EP extract suppressed IL-2 (19.53-35.07%), IL-6 (21.35-36.50%), IL-1β (4.80%), IFN-γ (14.81-50.91%), and TNF-α (21.34-66.30%) protein expression in LPS-stimulated RAW264.7 cells (Fig. 2). We also confirmed the presence of anti-inflammatory cytokine such as IL-10 in LPS-stimulated RAW264.7 cells. IL-10 was significantly increased (27.41-28.55%) in EP extract treated RAW264.7 cells when compared with LPS-stimulated cells (Fig. 2). These results clearly demonstrated the anti-inflammatory activity in LPS-induced inflammation in RAW264.7 cells.

      

      
        4. Effects of EP extract on NF-κB signaling pathway in LPS-stimulated RAW264.7 cells
        To examine whether the inhibition of inflammatory response by EP extract is mediated through the NF-κB pathway, we examined the effects of EP extract treatment on LPS-induced phosphorylation of IKKαβ, IκBα, and NF-κB p65 were determined by western blotting. The results showed that EP extract significantly inhibited LPS-induced phosphorylation of IKKαβ, IκBα, and NF-κB p65 in the range of 23.06-30.31%, 9.87-31.03%, and 5.88-30.94%, respectively (Fig. 3).

        
          
          

          Fig. 3. 
				
          

          
            Effects of EP extract on NF-κB signaling pathway in LPS-stimulated RAW264.7 cells. RAW264.7 cells were treated with LPS (100 ng/mL) in the absence or presence of EP extract (12.5, 25, or 50 μg/mL) for 24 h. Protein expressions were analyzed by western blot with specific antibodies. β-actin or NF-κB p65 were used as controls. The data presented are the mean ± standard deviation of three independent experiments and differences between the mean values. ##P< 0.01 vs. Control group; *P< 0.05, **P< 0.01 vs. LPS group.
          
          

          

        

      

      
        5. Effects of EP extract on MAPK signaling pathway in LPS-stimulated RAW264.7 cells
        MAPK family plays a critical role in the production of inflammatory mediators upon activation by LPS. We thus investigated the effect of EP extract on LPS-induced MAPKs phosphorylation and observed that LPS-induced ERK phosphorylation (0.10-16.04%) and p38 phosphorylation (0.95-13.07%), which were strongly suppressed by EP extract treatment in RAW264.7 cells (Fig. 4).

        
          
          

          Fig. 4. 
				
          

          
            Effects of EP extract on MAPK signaling pathway in LPS-stimulated RAW264.7 cells. RAW264.7 cells were stimulated with LPS (100 ng/mL) in the absence or presence of EP extract (12.5, 25, or 50 μg/mL) for 24 h. Protein expressions were analyzed by western blot with specific antibodies. ERK or p38 were used as controls. The data presented are the mean ± standard deviation of three independent experiments and differences between mean values. ##P< 0.01 vs. Control group; **P< 0.01 vs. LPS group.
          
          

          

        

      

      
        6. Effects of EP extract on TLR4 in LPS-stimulated RAW264.7 cells
        To understand the mechanism through which EP extract-mediated inflammatory response are regulated, we investigated the expression of TLR4 in LPS-induced RAW264.7 cells treated with EP extract. The expression of TLR4 and TRAF6 and the phosphorylation of TAK1 by LPS stimulation in RAW264.7 cells were significantly inhibited by EP extract in the range of 29.60-81.59%, 18.00-30.28%, and 19.78-41.21%, respectively (Fig. 5). Thus, EP extract suppresses LPS-induced inflammation via the TLR4-mediated NF-κB and MAPKs signaling pathways.

        
          
          

          Fig. 5. 
				
          

          
            Effects of EP extract on TLR4 in LPS-stimulated RAW264.7 cells. RAW264.7 cells were stimulated with LPS (100 ng/mL) in the absence or presence of EP extract (12.5, 25, or 50 μg/mL) for 24 h. Protein expressions were analyzed by western blot with specific antibodies. β-actin or TAK1 were used as controls. The data presented are the mean ± standard deviation of three independent experiments and differences between the mean values. ##P< 0.01 vs. Control group; *P< 0.05, **P< 0.01 vs. LPS group.
          
          

          

        

      

    

    

  
    
      Discussion
      The innate immune system triggers a rapid inflammatory response in the early stages of infection, repressing the growth and spread of the infectious pathogens.2,20) LPS, a major composition of the outer membrane of Gram-negative bacteria potently activates macrophages through TLR4 and can induce various pro-inflammatory mediators and cytokines through distinct signaling pathways.10) These inflammatory responses underlie various physiological and pathological processes.21) Based on this knowledge, novel anti-inflammatory agents based on the suppression of pro-inflammatory cytokines and mediator generation, and related signal transduction have been tested.10)

      In this study, we explored the anti-inflammatory effects and elucidated the potential molecule mechanism of EP extract. First, we examined the possibility of EP extract to inhibit NO production. Our results revealed that EP extract treatment decreased the LPS-mediated NO production. Many studies have elucidated that the macrophages secrete pro-inflammatory cytokines in the early stages of pathogenic stimulated inflammation and that excessive production of pro-inflammatory cytokines expand the range of immune responses.22-24) Based on this, we further evaluated the inhibitory effect of EP extract on pro-inflammatory cytokine expression in LPS-treated RAW264.7 cells. Our results showed that EP extract significantly suppressed the production of iNOS, IL-2, IL-6, IL-1β, IFN-γ, and TNF-α without any cytotoxicity in RAW264.7 cells. We also confirmed the presence of anti-inflammatory cytokines such as IL-10 in LPS-stimulated RAW264.7 cells. IL-10 was significantly increased in EP extract-treated RAW264.7 cells when compared with only LPS-stimulated cells. These results clearly demonstrated that the EP extract anti-inflammatory activity in LPS-induced inflammation in RAW264.7 cells.

      NF-κB and MAPKs are the most crucial signaling pathways in LPS-induced inflammatory responses. LPS binding to TLR4 on the macrophage membrane initiates LPS-mediated NF-κB signaling.25) TLR4 bound to LPS induces activation and translocation of NF-κB to the cell nucleus, where it binds to its DNA binding site, promoting the transcription of inflammatory genes including the iNOS, IL-2, IL-6, IL-1β, IFN-γ, and TNF-α.26,27) The present study found that EP extract suppressed LPS-induced phosphorylation of IKKαβ, IκB, and NF-κB p65 indicating that EP extract suppresses LPS-mediated inflammation by inhibiting the NF-κB signaling pathway.

      In the mammalian species, the MAPK family includes ERK, JNK, and p38 sub-families (MAPKs). The LPS-induced inflammation activates the phosphorylation of these MAPKs in RAW264.7 cells, which also upregulates the expression of inflammatory cytokines.28-34) In the present study, EP extract prominently inhibited LPS-induced phosphorylation of ERK and p38 MAPK in RAW264.7 cells. These results reveal that the anti-inflammatory effects of EP extract are mediated by the blockade of ERK and p38 MAPK signaling, along with suppression of NF-κB signaling, in LPS-treated RAW264.7 cells.

      TLR4 is a family of proteins that plays an essential role in the innate immune system, in which TLR-mediated signaling pathway activates the NF-κB and MAPK pathways resulting in the production of pro-inflammatory cytokines.35-40) TLR4 signaling leads to downstream activation of TRAF6, to form a complex composed of TAK1 and TAB proteins, which activates TAK1 by autophosphorylation. TAK1 is a crucial upstream factor of the NF-κB and MAPK signaling.41-43) In the present study, we investigated whether EP extract suppresses LPS-mediated inflammation through TLR4 signaling. Based on our findings, EP extract decreased LPS-mediated expression of TLR4, TRAF6 and phosphorylation of TAK1 in RAW264.7 cells.

      In the present study, we confirmed the EP extract anti-inflammatory effects by demonstrating that EP extract inhibited the expression of pro-inflammatory cytokines in LPS-induced RAW264.7 cells. Furthermore, the inhibitory effect of EP extract involved suppression of TLR4-mediated NF-κB and MAPKs signaling pathways. Taken together, our results demonstrated that EP extract as a potential anti-inflammatory agent. In addition, our results suggested that the EP extract exert the anti-inflammatory effects through inhibition of the TLR4 signaling pathway.
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