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abstract 

Eupafolin, a major active component found in the methanol extracts of Phyla nodiﬂora, has been used to treat inﬂammation of skin. We examined its effects on cyclooxygenase-2 (COX-2) expression in LPS-treated human dermal ﬁbroblasts. Lipopolysaccharide (LPS) signiﬁcantly increased prostaglandin-E2 (PGE2) production associated with increased COX-2 expression in Hs68 cells. This effect was blocked by eupafolin, TLR-4 antibody, antioxidants (APO and NAC), as well as inhibitors, including U0126 (ERK1/2), SB202190 (p38), SP600125 (JNK1/2), and Tanshinone IIA (AP-1). In gene regulation level, qPCR and promoter assays revealed that COX-2 expression was attenuated by eupafolin. In addition, eupafolin also ameliorated LPS-induced p47 phox activation and decreased reactive oxygen species (ROS) generation and NADPH oxidase (Nox) activity. Moreover, pretreatment with eupafolin and APO led to reduced LPS-induced phosphorylation of ERK1/2, JNK, and p38. Further, eupafolin attenuated LPS-induced increase in AP-1 transcription factor binding activity as well as the increase in the phosphorylation of c-Jun and c-Fos. In vivo studies have shown that in dermal ﬁbroblasts of LPS treated mice, eupafolin exerted anti-inﬂammation effects by decreasing COX-2 protein levels. Our results reveal a novel mechanism for anti-inﬂammatory and anti-oxidative effects of eupafolin that involved inhibition of LPS-induced ROS generation, suppression of MAPK phosphorylation, diminished DNA binding activity of AP-1 and attenuated COX-2 expression leading to reduced production of prostaglandin E2 (PGE2). Our results demonstrate that eupafolin may be used to treat inﬂammatory responses associated with dermatologic diseases. 
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Introduction 

Skin, the largest organ of the human body, shields against environmental threats, including bacteria, fungi, viruses, ultraviolet (UV) radiation, and air pollution. It plays an important role in the rapid cellular response enacted by resident immune cells that recognize a variety 

of pathogen structures and induces a cascade of pro-inﬂammation responses (Hari et al., 2010; McInturff et al., 2005). Fibroblasts are the primary dermal cells responsible for the production of extracellular matrix (ECM) components. Mounting evidence also suggests that dermal ﬁbroblasts mediate immune/inﬂammatory responses through toll-like receptors (TLRs) and their ligands, such as lipopolysaccharide (LPS) (Buckley, 2011; Yang et al., 2011; You et al., 2010). TLR4 expressed in dermal ﬁbroblasts recognizes LPS of gram-negative bacteria (Hari et al., 2010). Further, recent studies have demonstrated that dermal ﬁbroblasts respond directly to pathogens via LPS-induced activation of TLR4, NF-κB, and MAPKs, leading to cytokine gene transcription and prostaglandin E2 (PGE2) production that culminate in skin inﬂammation (Kang et al., 2006; Terhorst et al., 2010). Prostaglandins E2 (PGE2), D2 (PGD2), F2a (PGF2a), prostacyclin (GI2), and thromboxane A2 are lipid mediators produced by the action of cyclooxygenase (COX) and other synthases. Increased expression of cyclooxygenase-2 (COX-2) and an associated increase in prostaglandin E2 (PGE2) production are found at the sites of inﬂammation (Kalinski, 2012; Lee et al., 2010; Muller-Decker, 2004, 2011; Ricciotti and FitzGerald, 2011; Yang et al., 2005). Further, COX-2 expression has been implicated in the generation of reactive oxygen species (ROS) in response to LPS stimulation (Kim et al., 2012; Lin et al., 2011; Lu and Wahl, 2005; Oh et al., 2010). Therefore, the inhibition of COX-2 expression and ROS generation could be used as a therapeutic strategy for treating skin inﬂammation and other adverse dermatologic conditions. 

Medicinal plants have been extensively used in the management of skin diseases (Saikia et al., 2006). Phyla nodiﬂora has been used in traditional Chinese herbal medicine to treat ulcers, pain, and skin inﬂammation (Abbasi et al., 2010). However, its active components and pharmacological effects have been poorly studied. Eupafolin, (6-methoxy 5,7,3′,4′-tetrahydroxyﬂavone), was extracted with methanol from P. nodiﬂora Greene. Although previous studies have demonstrated that eupafolin possesses antioxidant, anti-inﬂammatory, and anticancer activities (Chung et al., 2010; Hensel et al., 2011; Ko et al., 2014; Maas et al., 2011), speciﬁc effects on human dermal ﬁbroblasts are unclear. COX-2 expression is tightly regulated by signals from a network of molecules and pathways, including Nox-derived ROS, mitogen-activated protein kinases (MAPKs), and transcriptional factors (Hsieh et al., 2012; Lin et al., 2010; Tung et al., 2010). Although eupafolin has been found to interfere with inﬂammatory responses (Chen et al., 2012; Lee and Yang, 2013), its effect on COX-2 expression is not known. Understanding the precise mechanism of action of eupafolin may lead to the development of a new generation of therapeutics for the prevention of skin inﬂammation as well as other inﬂammatory diseases of skin.

Therefore, we tested the ability of eupafolin to modulate the expression of COX-2, MAPKs, and transcriptional factors in LPS-induced human dermal ﬁbroblasts. We also examined its effects on COX-2 expression in LPS-induced mice. Our results show that eupafolin attenuates COX-2 expression both in vitro and in vivo and this effect is at least in part due to the inhibition of MAPK phosphorylation, AP-1 activation, and ROS generation. Further, eupafolin signiﬁcantly inhibited the LPS-stimulated production of the PGE2 in human dermal ﬁbroblasts. 

 Materials and methods Materials. 

Dulbecco's modiﬁed Eagle medium:Nutrient Mixture F-12 (DMEM/F-12 medium), fetal bovine serum (FBS), and TRIZOL were purchased from Invitrogen (Carlsbad, CA, USA). Hybond C membrane, enhanced chemiluminescence (ECL) Western blotting detection system and Hyperﬁlms were from GE Healthcare Biosciences (Buckinghamshire, UK). Monoclonal antibodies-COX-2, TLR4, p47phox,Nox2, β-actin, anti-phospho c-Fos and anti-phospho c-Jun were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). PhosphoPlus p42/p44 MAPK, p38MAPK and SAPK/JNK antibody kits were from Cell Signaling (Danver, MA, USA). Anti-GAPDH antibody was from Biogenesis (Bournemouth, UK). N-acetylcysteine (NAC), apocynin (APO), Tanshinone IIA, U0126, SB202190 and SP600125 were from Biomol (Plymouth Meeting, PA, USA). Bicinchoninic acid (BCA) protein assay kit was from Pierce (Rockford, IL, USA). CM-H2DCFDA was from Molecular Probes (Eugene, OR, USA). LPS, enzymes and other chemicals were from Sigma (St. Louis, MO, USA). 

Isolation of eupafolin. P. nodiﬂora was collected in April 2007 in Tainan, Taiwan, and identiﬁed by Professor I. S. Chen of the School of Pharmacy of Kaohsiung Medical University, Kaohsiung, Taiwan. A voucher specimen (2007-02-PNM) was deposited at the Herbarium of the Department of Fragrance and Cosmetic Science, Kaohsiung Medical University, Kaohsiung, Taiwan. Dried aerial part of P. nodiﬂora (7.5 kg) was chopped and immersed in a ﬂask with 1 L of methanol at room temperature. This extraction procedure was repeated 3 times. The methanol extract was collected, ﬁltered, and concentrated by rotary vacuum evaporation. The crude methanolic extract of P. nodiﬂora was suspended in water and successively portioned with an equivalent volume of n-hexane, chloroform, and ethyl acetate. The ethyl acetate partition was subjected to silica gel column chromatography and puriﬁed with a mixture of n-hexane and ethylacetate in the ratio of 1:8, followed by puriﬁcation with methanol. The puriﬁed fraction was recrystallized to obtain 756 mg of eupafolin (Fig. 1). Eupafolin was stored at −20 °C until further use. The chemical structure of eupafolin was identiﬁed by 1H NMR. The NMR data are as follows: 1H NMR (400 MHz; methanolD4): δ =3.87(3H,s, C6-OCH3); δ = 6.891 (H,d,J=8.4 Hz,H-5′); 7.36 (1H, d, J = 1.6 Hz, H-2′); and 7.37 (1H, dd, J = 8.4, 1.6 Hz, H-6′). 

Cell culture. Human dermal ﬁbroblasts (Hs68) were purchased from the Food Industry Research and Development Institute (Taiwan). Cells were cultured in DMEM/F-12 medium (GIBCO, Grand Island, NY) that was supplemented with 10% fetal bovine serum (Hazelton Product, Denver, PA, USA) and 1% penicillin–streptomycin at 37 °C in 5% CO2.When the cultures reached conﬂuence, cells were treated with 0.05% (w/v) trypsin/0.53 mM EDTA for 5 min at 37 °C. The cell suspension was diluted with DMEM/F-12 containing 10% FBS to a concentration of 2×105 cells/ml. The cell suspension was plated onto (1 ml/well) 12well culture plates and (10 ml/dish) 10-cm culture dishes for the measurement of protein expression and mRNA accumulation, respectively. Experiments were performed with cells from passages 5 to 12. 

Preparation of cell extracts and Western blot analysis. Hs68 cells were plated onto 12-well culture plates and made quiescent at conﬂuence by incubation in serum-free DMEM/F-12 for 24 h. Growth-arrested cells were incubated with or without different concentrations of LPS at 37 °C for the indicated time. When inhibitors were used, they were added 1 h prior to the application of LPS. After incubation, the cells were then rapidly washed with ice-cold PBS, scraped and collected by centrifugation at 1000 ×g for 10 min. The collected cells were lysed with ice-cold lysis buffer containing: 25 mM Tris–HCl, pH 7.4, 25 mM NaCl, 25 mM NaF, 25 mM sodium pyrophosphate, 1 mM sodium vanadate, 2.5 mM EDTA, 2.5 mM EGTA, 0.05% (w/v) Triton X-100, 0.5% (w/v) SDS, 0.5% (w/v) deoxycholate, 0.5% (w/v) NP-40, 5 μg/ml leupeptin, 5 μg/ml aprotinin, and 1 phenylmethylsulfonyl ﬂuoride (PMSF). The lysates were centrifuged at 45,000 ×g for 1 h at 4 °C to yield the whole cell extract. The protein concentration was determined by the BCA reagents according to the instructions of the manufacturer.

Samples from these supernatant fractions (30 μg protein) were denatured anti-GAPDH antibody used at a dilution of 1:1000 in TTBS. Membranes and subjected to SDS-PAGE using a 10% running gel. Proteins were trans-were washed with TTBS four times for 5 min each and incubated with a ferred to the nitrocellulose membrane and the membrane was incubated 1:2000 dilution of anti-rabbit or anti-mouse horseradish peroxidase successively at room temperature with 5% (w/v) BSA in TTBS [(50 mM antibody for 1 h. Following each incubation, the membrane was washed Tris–HCl, 150 mM NaCl, 0.05% (w/v) Tween 20, pH 7.4)] for 1 h. extensively with TTBS. The immunoreactive bands detected by ECL Membranes were incubated overnight at 4 °C with the anti-COX-2 or reagents were developed by the Hyperﬁlm-ECL. 

Quantitative real-time RT-PCR. Total RNA was isolated with TRIZOL according to the protocol of the manufacturer. The cDNA obtained from 0.5 μg total RNA was used as a template for PCR ampliﬁcation as previously described (Lee et al., 2008). Reverse transcriptase reaction was carried out using the Moloney murine leukemia virus reverse transcriptase (Invitrogen). Total RNA was added to a reaction mixture containing oligo-deoxythymidine (0.5 mg/ml), dNTP (20 mM), dithiothreitol (0.1 M), Tris–HCl (250 mM, pH 8.3), KCl (375 mM), and MgCl2 (15 mM). The reaction was conducted for 90 min at 37 °C. The quantitative real time polymerase chain reaction was performed in reaction mixture containing 1× Smart Quant Green Mix, c-DNA (50 ng), and the following sequence using MX3000P (Stratagene). The primers used were as follows: 5′-GTAACCCGTTGAAC CCCATT-3′ (forward) and 5′-CCATCCAATCGGTAGTAGCG-3′ (reverse) for 18 s; and 5′-TGCATTCTTTGCCCAGCACT-3′ (forward) and 5′-AAAG GCGCAGTTTACGCTGT-3′ (reverse) for COX-2. 

Measurement of PGE2 generation. Hs68 cells were cultured in 12-well culture plates. After reaching conﬂuence, cells were treated with LPS for the indicated times. After treatment, the medium was collected and stored at −80 °C until being assayed. PGE2 was assayed using the PGE2 enzyme immunoassay kit (Cayman) according to the manufacturer's instructions. 

Measurement of COX-2 luciferase activity. For construction of the COX-2luc plasmid, human COX-2 promoter, a region spanning −2375 to +75 bp, was cloned into the pGL3-basic vector (Promega, Madison, WI, USA). COX-2-luc activity was determined as previously described (Lin et al., 2010) using a luciferase assay system (Promega, Madison, WI, USA). Fireﬂy luciferase activities were standardized for β-gal activity. 

Transient transfection with siRNAs. SMARTpool RNA duplexes corresponding to human p47phox (SC-29422), Nox2 (gp91phox, SC35503) and scrambled siRNA (SC-37007) were from Santa Cruz Biotechnology (CA, USA). Transient transfection of siRNAs was carried out using a transfection reagent. siRNA (100 nM) was formulated with a transfection reagent according to the manufacturer's instruction. The transfection efﬁciency (approximately 60%) was determined by transfection with EGFP. 

Isolation of cell fraction. Cells were harvested, sonicated for 10 s at output 1.5 with a sonicator (Misonix, Farmingdale, NY), and centrifuged at 8000 rpm for 15 min at 4 °C. The pellet was collected as the nuclear fraction. The supernatant was centrifuged at 14,000 rpm for 60 min at 4 °C to yield the pellet (membrane fraction) and the supernatant (cytosolic fraction). 

Measurement of intracellular ROS accumulation. The intracellular H2O2 levels were determined by measuring the ﬂuorescence of DCFH-DA. For the purpose of these experiments, cells were washed with warm HBSS and incubated in HBSS or cell medium containing 10 μM DCFHDA at 37 °C for 45 min. Subsequently, HBSS or medium containing DCFH-DA was removed and replaced with fresh medium. Cells were then incubated with various concentrations of LPS. Cells were washed twice with PBS and detached with trypsin/EDTA, and the ﬂuorescence intensity of the cells was analyzed using a FACScan ﬂow cytometer (BD Biosciences, San Jose, CA) at 495 nm excitation and 529 nm emission for DCF. 

Determination of NADPH oxidase activity by chemiluminescence assay. The cytosolic and plasma membrane fractions were prepared as described previously with modiﬁcation (Lee et al., 2009). Brieﬂy, Hs68 cells were lysed in lysis buffer A (20 mM Tris–HCl, 10 mM EGTA, 2 mM EDTA, 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl ﬂuoride (PMSF), 25 μg/ml aprotinin, and 10 μg/ml leupeptin). Cell lysates were centrifuged at 16,000 g for 20 min at 4 °C. The supernatant was collected and designated the cytosolic fraction. The pellets were resuspended in lysis buffer B (0.5% sodium dodecyl sulfate, 1% NP-40, 1 mM Na3VO4,1mM NaF, 1 mM PMSF, 25 μg/ml aprotinin, and 10 μg/ml leupeptin). Western blot analysis for p47phox was performed on the plasma membrane fractions as described above, using a monoclonal mouse antibody against 47phox. For NADPH oxidase assay, Hs68 cells were lysed in lysis buffer containing 20 mM monobasic potassium phosphate (pH 7.0), 1 mM EGTA, 10 μg/ml aprotinin, 0.5 μg/ml leupeptin, and 0.5 mM PMSF. Plasma membrane fractions were measured in a lucigenin chemiluminescence assay using 1 mM lucigenin (Sigma) and 5 mM NADPH (Sigma) as described. Electrophoretic mobility-shift assay (EMSA). The preparation of nuclear protein extracts and the EMSA conditions have been described previously (Yen et al., 2013). Nuclear proteins were extracted using the NEPER reagent (Pierce, Rockford, IL, USA) according to the manufacturer's protocol. The AP-1 and NF-κB binding activity of equal amounts (10 μg) of nuclear protein was analyzed using a Light Shift chemiluminescence EMSA kit (Pierce). The synthetic double-stranded oligonucleotides used as the probes in the gel-shift assay were 5′-AGTTGAGGGGACTTTCCCAG GC-3′ and 3′-TCAACTCCCCTGAAAGGGT CCG-5′ for NF-κBand 5′-CGCTTGATGAGT-CAGCCGGAA-3′ and 3′-GCGAACTACTC AGTC GGCCTT-5′ for AP-1. 

Mouse model and immunohistochemical staining. Male 8-week C57BL6 mice (n = 24) were purchased from the National Taiwan University (Taipei, Taiwan). All procedures involving experimental animals were performed in accordance with the ethical guidelines for animal care of the National Taiwan University and complied with the “Guide for the Care and Use of Laboratory Animals” NIH publication No. 86-23, revised 1985. After arrival, they were acclimatized to a room with controlled temperature (25 °C), humidity (50 ± 10%) and a 12-h day–night cycle (light on 07:00–19:00 h) for at least 7 days before experimentation. Animals were housed 2 to 5 per cage and provided with food (Western Lab 7001, Orange, CA, USA) and water ad libitum. The mouse weighing 25–30 g was used for the experiments. Animals were handled for 3 to 4 days before the experiments will be performed. The mouse was 

i.p. administration with vehicle, eupafolin or apocynin for 30 min, then LPS (1 mg/kg) was s.c. injected into the hind paw. Animals were sacriﬁced by an overdose of CO2 after 24 h of LPS administration. The skin of the hind paw was immediately dissected into two parts, one was post-ﬁxed by 4% paraformaldehyde for immunohistochemistry use, and the other was frozen in liquid nitrogen then transferred to −80 °C for immunoblotting use. In the isolation of total proteins, the skin tissue was homogenized in cold 1× RIPA buffer (FIVEphoton Biochemicals, CA, USA) with protease inhibitor cocktail (PI-1, FIVEphoton Biochemicals, CA, USA) to get the rough tissue lysate. The tissue lysate was then sonicated for 3 min (with 20 s running–10 s resting cycle) on ice to obtain the tissue homogenate. Small aliquots of the extract were retained for protein determination by the Coomassie brilliant blue assay using bovine serum albumin as the standards. 

Analysis of data. All data were estimated and made using a GraphPad Prism Program (GraphPad, San Diego, CA, USA). Data were expressed as the mean ± S.E.M. and analyzed by one-way ANOVA followed by Tukey's post-hoc test. P b 0.05 was considered signiﬁcant. 

Results 

Eupafolin reduces COX-2 gene and protein expression in LPS-stimulated Hs68 cells 

As shown in Fig. 2A, the viability of Hs68 cells was unaffected by the presence of 10–100 μM eupafolin. LPS (100 and 200 μg/ml) induced a signiﬁcant expression of COX-2 protein that peaked between 6 h to 12 h post-treatment (Fig. 2B). This was associated with an increase in PGE2 production (Fig. 2C). As shown in Fig. 2D, pretreatment for 1 h with varying concentrations of eupafolin (0.1, 1, or 10 μM) had a significant inhibitory effect on LPS-induced COX-2 expression in Hs68 cells (61 ± 19%, 36 ± 11%, or 29 ± 4%, respectively of control levels). In all subsequent experiments, unless otherwise speciﬁed, 200 μg/ml LPS and 10 μM eupafolin were used. To determine whether the effects of LPS and eupafolin on COX-2 expression occurred at the transcriptional level, COX-2 mRNA levels were measured by quantitative real-time RT-PCR. As shown in Figs. 2E and F, unstimulated Hs68 cells expressed low amounts of COX-2 mRNA. LPS treatment (for 2, 4, 6, 8, and 12 h) resulted in a marked increase in COX-2 mRNA levels. LPS enhanced COX-2 mRNA accumulation in a time-dependent manner with a maximal response within 6 h. The LPS-induced increase in mRNA levels was markedly inhibited by pretreatment with 10 μM eupafolin. To rule out that the observed effect was due to a change in mRNA stability by eupafolin, we employed a classical technique involving the measurement of COX-2 mRNA levels in transcriptionally arrested cells using actinomycin D (Act D) in the absence or presence of eupafolin. Hs68 cells were incubated with LPS (200 μg/ml) for 6 h prior to the addition of actinomycin D (20 μg/ml) and eupafolin (10 μM). As shown in Fig. 2G, after Act D halted transcription, there was a decrease in COX-2 mRNA expression. The COX-2 mRNA levels dropped in the presence or absence of eupafolin with a similar slope, indicating that the stability of COX-2 mRNA was not signiﬁcantly changed by eupafolin. The inhibitory effect of eupafolin on COX-2 gene transcription was conﬁrmed using the luciferase reporter assay. The COX-2-luciferase reporter construct was transfected into Hs68 cells. Following this, cells were stimulated with LPS for 4 h. As shown in Fig. 2H, LPS treatment stimulated COX-2 luciferase activity. Pretreatment of the cells with eupafolin signiﬁcantly suppressed LPS-induced COX-2-luciferase activity by 35 ± 4%. However, there were no any effects on the pGL-3 empty reporter in response to treated with LPS or eupafolin (data not shown). These results suggested that eupafolin signiﬁcantly inhibited LPS-induced COX-2 gene transcription. 

Eupafolin inhibits LPS-induced NADPH oxidase activity and ROS production 

ROS is implicated in initiating inﬂammatory responses in various cells by the activation of transcription factors, including NF-κB and AP1, thereby leading to enhanced COX-2 expression (Lin et al., 2010, 2011). NADPH oxidase mediates ROS production under various pathologic conditions. To ascertain the involvement of ROS in LPS-induced COX-2 expression in Hs68 cells and to examine the mechanism of action of eupafolin, we measured the ROS production using a ﬂuorescent probe, DCF-DA. Cells were labeled with DCF-DA, treated with LPS for the 30 min, and the intensity of ﬂuorescence emission (relative DCF ﬂuorescence) at 530 nm was measured following excitation at 485 nm. As illustrated in Fig. 3A, LPS-induced ROS production was signiﬁcantly attenuated by pretreatment with eupafolin, APO or NAC. Further, pretreatment with a ROS scavenger (NAC) or APO markedly inhibited LPS induced COX-2 protein expression and PGE2 production (Figs. 3B, C). Nox2 consists of the membrane catalytic subunits gp91phox and p22phox, together with several cytosolic regulatory subunits, p47phox,p40phox,p67phox, and the small GTPase Rac (Pendyala and Natarajan, 2010; Sareila et al., 2011). The p47phox regulatory subunit plays a critical role in acute activation of Nox. Previous study has been shown that activation of the Nox2 enzyme requires that the cytosolic component p47phox be phosphorylated and subsequently translocated along with the p67phox component to the plasma membrane, where they associate with the gp91phox (Nox2) component to assemble into an active enzyme complex (Sareila et al., 2011). Thus, we observed that LPS induced translocation of p47phox from the cytosol to the membrane in 15 min. Both eupafolin and APO inhibited this effect (Figs. 3D, E). Pretreatment with eupafolin or APO suppressed LPS-induced increase in Nox2 activity in Hs68 cells (Fig. 3F). 

In order to understand the role of Nox2 and p47phox in LPS-induced COX-2expression andPGE2production, we suppressed their expression in Hs68 cells by using siRNAs. As shown in Figs. 3G and C, siRNAmediated suppression of Nox2 (gp91phox)and p47phox expression successfully blocked LPS-induced COX-2 expression and PGE2 production. Taken together, eupafolin reduced COX-2 expression via the inhibition of Nox2/ p47phox/ROS generation in Hs68 cells, indicating that eupafolin exerts a potent antioxidant activity by its chemical structure, as shown in Fig. 1. 

Eupafolin suppresses TNF-α-stimulated MAPK phosphorylation 

Erk1/2, p38, and JNK1/2 are the components of redox-sensitive signaling pathways and may be targets of Nox-derived ROS (Al Ghouleh et al., 2011; Bae et al., 2011; Mladenka et al., 2010). Therefore, we examined eupafolin's effect on LPS-induced phosphorylation of MAPKs. As shown in Figs. 4A, B and C, LPS induced phosphorylation of Erk1/2, p38, and JNK1/2, and these effects were signiﬁcantly suppressed by eupafolin or APO. Additionally, pretreatment with MAPK inhibitors, including U0126, SB202190, or SP600125, signiﬁcantly suppressed LPS-stimulated COX-2 expression and PGE2 production (Figs. 4D, E, and F). DMSO as a solvent control and has no effect. An inhibitor of AP-1 (Tanshinone IIA) also suppressed LPS-induced expression of COX-2. These results indicated that eupafolin inhibited LPS-induced MAPK phosphorylation, and that eupafolin's effects were mediated by a Nox/ROS and AP-1-dependent pathway in Hs68 cells. 

Eupafolin interferes with AP-1 activation in LPS treated Hs68 cells 

Since COX-2 gene promoter contains consensus binding sites for AP-1 and NF-κB(Lin et al., 2011; Tung et al., 2010), we investigated whether eupafolin inhibited LPS-induced COX-2 expression via its effects on these transcription factors. Gel-shift assays were employed to determine the effects of eupafolin on AP-1 and NF-κB activation in LPS-treated Hs68 cells. As shown in Fig. 5A, AP-1 binding activity was low in untreated control cells and the activity signiﬁcantly increased by following treatment with LPS. Pretreatment with eupafolin for 24 h blocked the LPS-stimulated increase in AP-1 binding activity. Such an effect was not observed for NF-κB. Pretreatment with Tanshinone IIA (AP-1 inhibitor) signiﬁcantly attenuated LPS-induced COX-2 expression and PGE2 production (Figs. 4E and F). The AP-1 transcriptional complex is composed of at least two major factors: c-Fos and c-Jun. LPS stimulated the phosphorylation of c-Fos and c-Jun in Hs68 cells. Pretreatment with eupafolin (Fig. 5B) and SP600125 (Fig. 5C) caused a signiﬁcant decrease in LPS-induced phosphorylation of both of c-Fos and c-Jun. Such effects were not observed after treatment with DMSO (solvent control), U0126 and SB202190. These results suggested that eupafolin inhibited LPS-induced COX-2 expression by blocking AP-1 activation, and that this effect was due to the inhibition of a Nox2/p47phox/JNK pathway. 

Eupafolin suppresses COX-2 protein expression in the dermal ﬁbroblasts of LPS-treated mice 

To examine the anti-inﬂammatory effect of eupafolin in vivo, eupafolin-administered mice (for 1 h) were challenged with LPS for 24 h. Immunohistochemical staining was performed to analyze the expression of COX-2 in the sections of skin collected from the paw of foot. As shown in Fig. 6A, COX-2 staining was low in the dermis of the control group. However, intense COX-2 staining was visible in the dermis of LPS-treated animals. Pre-administration of eupafolin as well as apocynin, an antioxidant, led to lower COX-2 staining in the dermis of LPS-treated animals. Similar effects were also observed in protein extracts of mouse dermis (Fig. 6B). 

Discussion 

In this study, we demonstrated that eupafolin suppressed COX-2 expression both in LPS-stimulated human dermal ﬁbroblasts (Hs68) and in the dermis of LPS-treated mice. Eupafolin also inhibited the production of the PGE2 in LPS-stimulated dermal ﬁbroblasts. In addition, LPS induced COX-2 expression and PGE2 production can be blocked by SP600125 (JNK inhibitor) or Tanshinone IIA (AP-1 inhibitor). Therefore, in dermal ﬁbroblasts, eupafolin acted to suppress LPS-induced inﬂammatory response partly by inhibiting JNK phosphorylation and AP-1 activation. Additionally, eupafolin attenuated LPS-induced increase in COX-2 mRNA expression and COX-2 promoter activity. Our results also showed that eupafolin exerted inhibitory effects on NADPH oxidase activity and ROS production. To the best of our knowledge, this is the ﬁrstreportthatdescribes eupafolin's inhibitory effects on COX-2 mRNA and protein expression, Nox-mediated ROS production, MAPK phosphorylation, and AP-1 transcription factor binding activity. 

Eupafolin isolated from methanol extracts of P. nodiﬂora has long been used in traditional Chinese medicine to treat inﬂammatory diseases. Antioxidant and anti-inﬂammatory activities were thought to be responsible for the beneﬁcial effects (Chung et al., 2010). The putative functional groups of eupafolin, a benzene ring and the adjacent methoxy-hydroxyl groups (Fig. 1), serve as a potent inhibitor of Nox activity (Mladenka et al., 2010) Interestingly, pretreatment with APO (a speciﬁc inhibitor of Nox2) and NAC caused a signiﬁcant suppression of LPS-induced COX-2 expression and PGE2 production. These results suggested that eupafolin inhibited LPS-induced COX-2 expression by acting as a potent antioxidant. Therefore, we focused on the antioxidant activity of eupafolin that suppressed the LPS-induced expression of COX-2. 

Nox isoforms are the major sources of ROS within the skin (Lim et al., 2013). Our results showed that pretreatment with TLR4-Ab, eupafolin, APO, or NAC markedly suppressed both ROS production and Nox activation (Figs. 3A and F). Additionally, NAC and APO also inhibited LPS-induced COX-2 expression, suggesting that ROS mediated the LPS-induced COX-2 expression in Hs68 cells (Fig. 3B). Nox complex generates superoxide by the monoelectronic reduction of oxygen utilizing NADPH or NADH. Nox is expressed in dermal ﬁbroblasts and is involved in diverse cellular processes (Lim et al., 2013; Loughlin and Artlett, 2010). Here, we showed that siRNA-mediated suppression of Nox2 and p47phox expression blocked LPS-induced COX-2 expression and attenuated PGE2 production (Figs. 3C and G). Phosphorylation of p47phox acts as a signal for Nox2 complex assembly at the membrane. Therefore, we examined the effect of eupafolin on the activation of p47phox. Our results (Figs. 3D and E) showed that eupafolin inhibited the translocation of p47phox from the cytosol to the membrane compartment within 10 min of LPS treatment. Therefore, we conclude that eupafolin suppressed LPS-induced COX-2 expression in Hs68 cells through its inhibitory effects on Nox activity and p47phox activation in the membrane fraction. 

MAPKs, which control cellular responses to growth, apoptosis, and inﬂammation, are activated in response to oxidative stress or reactive oxygen species (ROS) generation (Yen et al., 2013). We found that LPS-induced activation of MAPK is due to the induction of Nox-derived ROS. Thus, LPS stimulated the phosphorylation of MAPKs (ERK1/2, JNK, and p38) (Figs. 4A–F). Further, our results showed that the LPS-induced increases in COX-2 expression and PGE2 production were inhibited by U0126, SP600125, or SB202190. Our results suggest that activation of MAPK is required for LPS-induced COX-2 expression in Hs68 cells. We also demonstrated that LPS-induced increase in MAPK phosphorylation was mediated by ROS. Therefore, we conclude that eupafolin's inhibitory effects on LPS-induced Erk1/2, JNK, and p38 MAPK activation are due to its potent antioxidant properties. The precise mechanism by which eupafolin regulates MAPK phosphorylation is yet to be determined. A previous study showed that ROS regulates both protein kinases and protein phosphatases (Han et al., 2012). Therefore, our future goal is to examine the role of protein phosphatases in the eupafolininduced dephosphorylation of MAPKs. 

MAPKs phosphorylate transcription factors and enzymes, including NF-κB, AP-1, ATF2, and Elk-1 (Guha and Mackman, 2001). Further, NF-κB and AP-1 have been shown to regulate LPS-induced COX-2 expression. Therefore, we ﬁrst conﬁrmed the involvement of NF-κB and AP-1 in LPS-induced COX-2 expression in Hs68. Gel-shift assays showed that LPS treatment stimulated binding of NFκB and AP-1 to the COX-2 promoter. Pretreatment with eupafolin signiﬁcantly attenuated LPS-induced AP-1 binding activity (Fig. 5A) but not that of NF-κB. Further, we showed that Tanshinone IIA blocked LPS-induced COX-2 expression in Hs68 cells (Figs. 4E and F). Since AP-1 functions as c-Fos/c-Jun or c-Jun/c-Jun dimmers, we examined the effect of eupafolin on c-Fos and c-Jun phosphorylation. Our results showed that both c-Fos and c-Jun phosphorylation were markedly inhibited by eupafolin and SP600125, whereas such effects were not found after treatment with U0126 and SB202190 (Figs. 5B and C). In summary, as depicted in Fig. 7, eupafolin suppressed LPS-induced COX-2 expression in Hs68 cells via a mechanism that involved the inhibition of a Nox2/p47phox/ROS/JNK/AP-1-dependent pathway. 

In order to examine if a similar mechanism is functional in vivo, we analyzed LPS-stimulated expression of COX-2 in mice following vehicle or eupafolin-administration. Our results suggested that eupafolin as well as a speciﬁc Nox2 inhibitor (APO) protected skin from LPS-induced inﬂammatory response by inhibiting the expression of COX-2 (Figs. 6A and B). Together, our results demonstrate a critical role of Nox2 in LPS-induced COX-2 expression, and suggest that eupafolin may be used in the treatment of skin diseases involving inﬂammation. 
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Fig.1.Chemicalstructureofeupafolinanditsputativefunctionalgroup(boxed).
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Fig. 2. Eupafolin inhibits LPS-induced in COX-2 expression and PGE2 release in Hs68 cells. (A) Hs68 cells were incubated with eupafolin (0–100 μM) for 24 h, and then the cell viability was determined by MTT assay. (B) Cells were incubated with various concentrations of LPS for the indicated time intervals and COX-2 protein expression was determined by Western blot. 

(C) The conditioned media were collected and analyzed for PGE2 release by EIA as described in “Materials and methods” (n = 3 in each group; *P b 0.05, #P b 0.01 compared with vehicle). 

(D) Hs68 cells were pretreated with eupafolin (0.1, 1, or 10 μM) for 1 h, and then incubated with 200 μg/ml LPS for 12 h. The levels of COX-2 protein were determined by Western blot. 

(E) Hs68 cells were serum-starved (24 h) before stimulation with LPS (200 μg/ml). RNA was isolated at the indicated time points after the addition of LPS and COX-2 mRNA was analyzed by qPCR. (F) Hs68 cells were pretreated with 10 μM eupafolin for 1 h, and then incubated with 200 μg/ml LPS for 6 h. The expression of COX-2 mRNA was determined by qPCR. 

(G) Actinomycin D chase experiment was used to evaluate COX-2 mRNA stability. Hs68 cells were incubated with LPS (200 μg/ml) for 6 h prior to the addition of actinomycin D (20 μg/ml) and eupafolin (10 μM). Total RNA was extracted at 0, 2 or 4 h after the addition, and quantitative real time polymerase chain reaction was performed. (H) Cells were transiently transfected with COX-2-luc reporter gene, pretreated with eupafolin for 1 h, and then incubated with LPS for 6 h. The COX-2 promoter activity was determined in the cell lysates. In (A–G), the data are expressed as mean ± S.E.M. of three independent experiments. ⁎P b 0.05; #P b 0.01, signiﬁcant with respect to the basal level. 
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Fig. 3. Eupafolin inhibits LPS-induced NADPH oxidase activation, ROS generation and p47phox translocation in Hs68 cells. (A) Hs68 cells were labeled with DCF-DA (10 μM), pretreated with 10 μM eupafolin, APO, NAC (100 μM) or TLR4-Ab (5 μg/ml) for 1 h, and then incubated with LPS for 30 min. The ﬂuorescence intensity (relative DCF ﬂuorescence) was measured. (B) Cells were pretreated with antioxidants (NAC and APO) or TLR4-Ab (5 μg/ml) for 1 h, and then incubated with 200 μg/ml LPS for 12 h. The levels of COX-2 protein were determined by Western blot. (C) PGE2 release was induced by LPS, and the conditioned media were collected from (B), to assay PGE2 level by EIA as described in “Materials and methods” (n = 3 in each group; *P b 0.05, #P b 0.01 compared with vehicle). (D, E) Cells were pretreated with 10 μM eupafolin, or APO (100 μM) for 1 h, and then incubated with 200 μg/ml LPS for 15 min. The membrane fractions were prepared and subjected to Western blot using an anti-p47phox or GαS antibody. (F) Cells were pretreated with 10 μMeupafolin, 100 μMAPO and TLR4-Ab (5 μg/ml) for 1 h, and then incubated with 200 μg/ml LPS for 30 min. The activity of NADPH oxidase was measured. (G) Hs68 cells were transfected with scrambled siRNA, p47phox and Nox2 (gp91phox) siRNAs, and then incubated with 200 μg/ml LPS for 12 h. The levels of COX-2 protein were determined by Western blot. The data are expressed as mean ± S.E.M. of three independent experiments. ⁎P b 0.05; #P b 0.01, signiﬁcant with respect to the basal level. 
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Fig. 4. Eupafolin inhibits LPS-modulated MAPK activation in Hs68 cells. (A–C) Cells were treated with 200 μg/ml LPS for the indicated times, then the cell lysate was analyzed for MAPK phosphorylation by Western blot using antibodies against (A) p-ERK1/2, (B) p-JNK1/2, (C) or p-p38. (A–C) Western blot analysis also showing the effects of eupafolin (10 μM) or APO (100 μM) treatment on the phosphorylation of p-ERK1/2, p-p38, or p-JNK1/2 in LPS-treated Hs68 cells. Representative results from three separate experiments are shown. ⁎P b 0.05; #P b 0.01, signiﬁcant compared with the cells exposed to LPS alone group. Each of total kinases was used as the loading control. (D, E) Cells were pretreated with 5 μl DMSO, 10 μM U0126 (ERK1/2 inhibitor), 10 μM SB202190 (p38 inhibitor), 10 μM SP600125 (JNK inhibitor), or 10 μM Tanshinone IIA (AP-1 inhibitor) for 1 h, and then incubated with 200 μg/ml LPS for 12 h. The levels of COX-2 protein were determined by Western blot. (F) The conditioned media were collected from (D, E) and analyzed for PGE2 release by EIA as described in “Materials and methods” (n = 3 in each group; *P b 0.05, #P b 0.01 compared with vehicle). 

[image: image8.png]2 o e
‘
3

= S|

= ———=—
i
i
g *
52
H
ze”
-
N I B
i N
i 7w

Dermis.




Fig. 5. The eupafolin caused down-regulation of COX-2 expression in LPS-stimulated Hs68 is mediated by the inhibition of AP-1 activation. (A) Nuclear extracts from untreated cells or cells with or without pretreatment with 10 μM eupafolin for 24 h, then incubated with 200 μg/ml LPS for 1 h were tested for AP-1 and NF-κB DNA binding activity by EMSA. (B, C) Cells were pretreated with 5 μlDMSO, 10 μMeupafolin, 10 μM U0126 (ERK1/2 inhibitor), 10 μM SB202190 (p38 inhibitor), and 10 μM SP600125 (JNK inhibitor) for 1 h, and then incubated with 200 μg/ml LPS for 30 min. The levels of phosphorylation of c-Jun and c-Fos were determined by Western blot. Representative results from three separate experiments are shown. The data are expressed as a fold of the control value and are the means ± S.E.M. for three separate experiments. *P b 0.05, signiﬁcant with respect to the basal level. Actin and lamin B1 were used as the loading controls. 
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Fig. 6. LPS-induced cutaneous inﬂammation is abolished by pre-administration of eupafolin in vivo. Mice were anesthetized and intraperitoneally (i.p.) injected with eupafolin, apocynin (10 mg/kg) or DMSO for 1 h follow by a subcutaneous injection with LPS into the paw of foot (1 mg/kg). After 24 h, the mice were then sacriﬁced and the skin at the paw of foot was dissected, immersion-ﬁxed in 4% buffered paraformaldehyde, parafﬁn-embedded, and then cross-sectioned for immunohistochemistry. (A) Immunohistochemical staining was performed to detect the expression of COX-2 on the section of skin from the paw of foot. Brown color indicated the COX-2 positive cell. The sections were observed under a microscope and the images were acquired at 400× magniﬁcation. (B) Tissue protein extracts were separated by 10% SDS-polyacrylamide gel, transferred to PVDF membrane and immunoblotted to detect the expression of COX-2. Representative results from four separate experiments are shown. 
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Fig. 7. Schematic diagram illustrating the proposed signaling pathway involved in LPS-induced COX-2 expression in Hs68 cells. LPS activates the TLR4/Nox2/p47phox pathway to enhance ROS generation, which in turn initiates the activation of MAPKs, and AP-1 and ultimately induces COX-2 expression in Hs68 cells. Moreover, pretreatment with eupafolin inhibits LPS-induced COX-2 expression via Nox2/p47phox inhibition. 


