High glucose induces vascular endothelial growth factor production in human synovial fibroblasts through reactive oxygen species generation
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ABSTRACT

Background: Diabetes is an independent risk factor of osteoarthritis (OA). Angiogenesis is essential for the progression of OA. Here, we investigated the intracellular signaling pathways involved in high glucose (HG)-induced vascular endothelial growth factor (VEGF) expression in human synovial fibroblast cells.
Methods: HG-mediated VEGF expression was assessed with qPCR and ELISA. The mechanisms of action of thrombin in different signaling pathways were studied using Western blotting. Knockdown of proteins was achieved by transfection with siRNA. Chromatin immunoprecipitation assays were used to study in vivo binding of c-Jun to the VEGF promoter.
Results: Stimulation of OA synovial fibroblasts (OASF) with HG induced concentration- and time-dependent increases in VEGF expression. Treatment of OASF with HG increased reactive oxygen species (ROS) generation. Pretreatment with NADPH oxidase inhibitor (APO or DPI), ROS scavenger (NAC), PI3K inhibitor (Ly294002 or wortmannin), Akt inhibitor, or AP-1 inhibitor (curcumin or tanshinone IIA) blocked the HG-induced VEGF production. HG also increased PI3K and Akt activation. Treatment of OASF with HG increased the accumulation of phosphorylated c-Jun in the nucleus, AP-1-luciferase activity, and c-Jun binding to the AP-1 element on the VEGF promoter.

Conclusions: Our results suggest that the HG increases VEGF expression in human synovial fibroblasts via the ROS, PI3K, Akt, c-Jun and AP-1 signaling pathway.
General Significance: We link high glucose on VEGF expression in osteoarthritis
Running head: High glucose induces VEGF expression
Key Words: Glucose; VEGF; ROS; OA
1. Introduction
Osteoarthritis (OA) is the leading cause of musculoskeletal handicap in the world 1[]
. Ageing and obesity are the two main risk factors for OA 2[]
. However, several epidemiological and experimental data support the hypothesis that diabetes could be an independent risk factor for OA, at least in some patients, leading to the concept of a diabetes-induced OA phenotype 
 ADDIN EN.CITE 
[3, 4]
. 
OA is a chronic joint disorder characterized by slow progressive degeneration of articular cartilage, subchondral bone alteration, and variable secondary synovial inflammation. In response to macrophage-derived proinflammatory cytokines such as interleukin (IL)-1 and tumor necrosis factor-TNF-, OA synovial fibroblasts (OASF; is most abundant cells in OA joint) produce chemokines that promote inflammation, cartilage degradation, and neovascularization via activation of angiogenesis factors such as vascular endothelial growth factor (VEGF) 
 ADDIN EN.CITE 
[5, 6]
. VEGF is a heparin binding, dimeric glycoprotein that induces the proliferation and migration of endothelial cells to form new vessels, and increases the penetration and extravagation of plasma macromolecules 
 ADDIN EN.CITE 
[7, 8]
. VEGF has shown to play an important role in wound healing, embryonic development, growth of certain solid tumors, and ascites formation 9[]
. On the other hand, VEGF has been reported to induce in chondrocytes by mechanical overload (the causative factor for OA) 10


[ ADDIN EN.CITE ]
. Recently several reports also demonstrated that VEGF was also implicated in the pathogenesis of OA 
 ADDIN EN.CITE 
[11, 12]
. In addition, VEGF isoforms and their receptors (VEGFRs) are expressed in OA cartilage 
 ADDIN EN.CITE 
[13, 14]
, and subsequently promoted matrix metalloproteinases expression, leading to cartilage destruction 
 ADDIN EN.CITE 
[15]
. Treatment with a soluble form of the Flt-1 (VEGF receptor 1) significantly attenuated disease severity in arthritis 
 ADDIN EN.CITE 
[9, 16]
. Therefore, anti-angiogenesis may be a novel therapy for OA treatment.
The generation of reactive oxygen species (ROS) plays an important role in diverse cellular functions including signal transduction, oxygen sensing, and high glucose (HG) 
 ADDIN EN.CITE 
[17-19]
. Among the ROS generating enzymes, NADPH oxidases are the major source of ROS 20[]
. NADPH oxidase is a multicomponent protein formed by membrane-bound cytochrome b558 and composed of the catalytic subunits gp91phox and p22phox and cytosolic regulatory subunits comprised of p40phox, p47phox, p67phox and the small GTPase Rac 
 ADDIN EN.CITE 
[21, 22]
. ROS production is linked to VEGF expression in endothelial cells and in smooth muscle cells 
 ADDIN EN.CITE 
[23, 24]
. However, the mechanism of HG-induced ROS formation leading to VEGF production in synovial fibroblasts is, so far, unknown.
Angiogenesis is essential for the development, growth, and progression of OA 11[]
. VEGF is a potent angiogenic factor that is pivotal in the OA pathogenesis. Hyperglycemia is a well recognized pathogenic factor of long-term complications in diabetes mellitus. Although a role of HG in VEGF induction has been implicated in some cell types, the signaling pathway for HG in VEGF production in synovial fibroblasts has not been extensively studied. In this study, we explored the intracellular signaling pathway involved in HG-induced VEGF production in human synovial fibroblasts. The results show that HG activates ROS, phosphoinositide 3-kinase (PI3K), Akt, and AP-1 pathways, leading to up-regulation of VEGF expression.
2. Materials and methods
2.1. Materials 
Anti-mouse and anti-rabbit IgG-conjugated horseradish peroxidase, rabbit polyclonal antibodies specific for -actin, PCNA, p-p85, p85, p-Akt, Akt, p47phox, p-c-Jun, c-Jun, and the small interfering RNAs (siRNAs) against p47phox, c-Jun, and a control for experiments using targeted siRNA transfection (each consists of a scrambled sequence that does not lead to specific degradation of any known cellular mRNA) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). pan-Akt inhibitor(1L-6-hydroxymethyl-chiro-inositol-2-((R)-2-O-methyl-3-O-octadecylcarbonate) was purchased from Calbiochem (San Diego, CA, USA). Tanshinone IIA was purchased from BIOMOL (Butler Pike, PA). The VEGF enzyme immunoassay kit was purchased from R&D Systems (Minneapolis, MN, USA). The AP-1 luciferase plasmid was purchased from Stratagene (La Jolla, CA). The p85α and Akt1 (Akt K179A) dominant negative mutant were gifts from Dr. W.M. Fu (National Taiwan University, Taipei, Taiwan). The pSV--galactosidase vector and luciferase assay kit were purchased from Promega (Madison, WI). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

2.2. Cell cultures
 Upon approval by the Institutional Review Board of China Medical University Hospital, and subjects gave informed written consent. Human synovial fibroblasts were isolated using collagenase treatment of synovial tissues obtained from knee replacement surgeries of 35 patients with OA. Fresh synovial tissues were minced and digested in a solution of collagenase and DNase. Isolated fibroblasts were filtered through 70-m nylon filters. The cells were grown on plastic cell culture dishes in 95% air/5% CO2 in RPMI 1640 (Life Technologies) that was supplemented with 20 mM HEPES and 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (pH adjusted to 7.6). Fibroblasts from passages four to nine were used for the experiments 
 ADDIN EN.CITE 
[25-27]
.
2.3. Measurement of VEGF production 
Human synovial fibroblasts were cultured in 24-well culture plates. After reaching confluency, cells were treated with HG (33 mM) and then incubated in a humidified incubator at 37°C for 24 hr. To examine the downstream signaling pathways involved in HG treatment, cells were pretreated with various inhibitors for 30 min (These inhibitors did not affect cell viability; Supplemental data Fig. S1) before addition of HG (33 mM) administration. After incubation, the medium was removed and stored at -80°C until the assay was performed. VEGF in the medium was assayed using VEGF enzyme immunoassay kits, according to the procedure described by the manufacturer.

2.4. Quantitative real-time PCR 
Total RNA was extracted from synovial fibroblasts with a TRIzol kit (MDBio Inc., Taipei, Taiwan). The reverse transcription reaction was performed using 2 g of total RNA (in 2 l RNase-free water) that was reverse transcribed into cDNA with an MMLV RT kit (Promega, Madison, WI) and following the manufacturer's recommended procedures 
 ADDIN EN.CITE 
[28, 29]
. The reverse transcription reaction mixture was incubated at 37°C for 60 min and then at 70°C for 5 min to inactivate MMLV. Quantitative real time PCR (qPCR) analysis was carried out with TaqMan® one-step PCR Master Mix (Applied Biosystems, Foster City, CA). cDNA template (2l) was added to each 25-μl reaction with sequence-specific primers and TaqMan® probes. All target gene primers and probes were purchased commercially (-actin was used as internal control) (Applied Biosystems). qPCR assays were carried out in triplicate on a StepOnePlus sequence detection system. The cycling conditions were: 10-min polymerase activation at 95°C followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. The threshold was set above the non-template control background and within the linear phase of target gene amplification to calculate the cycle number at which the transcript was detected (denoted CT).
2.5. Western blot analysis
Cellular lysates were prepared as described 
 ADDIN EN.CITE 
[30, 31]
. Proteins were resolved using SDS-PAGE and transferred to Immobilon polyvinyldifluoride membranes. The membranes were blocked with 4% BSA for 1 hr at room temperature and then probed with rabbit antibodies against human p-p85, p85, p-Akt, Akt, p-c-Jun, or c-Jun (1:1000) for 1 hr at room temperature. After three washes, the blots were incubated with a donkey anti-rabbit peroxidase-conjugated secondary antibody (1:1000) for 1 hr at room temperature. The blots were visualized with enhanced chemiluminescence on Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY). The activities of Akt were determined using kit from Cell Signaling Technology according to the manufacturer’s instructions.
2.6. ROS generation assay
The fluorescent probe DCF-DA was used to monitor net intracellular accumulation of ROS. This method is based on the oxidative conversion of nonfluorescent DCFH-DA to fluorescent DCF by H2O2. OASF cells were washed with warm Hank’s Balanced Salt Solution (HBSS) and incubated in HBSS or cell medium containing 10 mM DCFH-DA at 37°C for 45 min. Subsequently, HBSS or cell medium containing DCFH-DA was removed and replaced with fresh cell medium. OASF cells were then incubated with HG. The fluorescence intensity (relative fluorescence units) was measured at 485 nm excitation and 530 nm emission using a fluorescence microplate reader (Appliskan™, Thermo, Fremont, CA, USA).
2.7. NADPH oxidase activity 
After incubation with HG for indicated time intervals, cells were gently scraped and centrifuged at 400 g for 10 min at 4°C. The cell pellet was resuspended with RPMI-1640 medium, and the cell suspension was kept on ice. To a final 200 L volume of RPMI-1640 medium containing either NADPH (1 M) or lucigenin (20 M), 5 L of cell suspension (0.2 X 105 cells) were added to initiate the reaction followed by immediate measurement of chemiluminescence in an Appliskan luminometer (Thermo) in out-of-coincidence mode. Appropriate blanks and controls were established, and chemiluminescence was recorded. Neither NADPH nor NADH enhanced the background chemiluminescence of lucigenin alone.
2.8. Transfection and reporter gene assay
Human synovial fibroblasts were co-transfected with 0.8 g AP-1 luciferase plasmid and 0.4 g -galactosidase expression vector. OASF cells were grown to 80% confluency in 12-well plates and then transfected on the following day with Lipofectamine 2000 (LF2000; Invitrogen). DNA and LF2000 were premixed for 20 min and then added to the cells. After 24 hr of transfection, the cells were incubated with the indicated reagents. After a further 24 hr of incubation, the medium was removed, and cells were washed once with cold PBS. To prepare lysates, 100 l reporter lysis buffer (Promega, Madison, WI) was added to each well, and cells were scraped from dishes. The supernatant was collected after centrifugation at 13,000 rpm for 2 min. Aliquots of cell lysates (20 l) containing equal amounts of protein (20–30 g) were placed into wells of an opaque black 96-well microplate. An equal volume of luciferase substrate was added to all samples, and luminescence was measured in a microplate luminometer. The value of luciferase activity was normalized to the transfection efficiency, which was monitored by activity of the co-transfected -galactosidase expression vector.
2.9. Chromatin immunoprecipitation assay
Chromatin immunoprecipitation analysis was performed as described previously 
 ADDIN EN.CITE 
[26]
. DNA immunoprecipitated with an anti-c-Jun Ab was purified and extracted with phenol-chloroform. The purified DNA pellet was subjected to PCR. PCR products were then resolved by 1.5% agarose gel electrophoresis and visualized with UV light. The primers 5’-GAGACGAAACCCCCATTTCT-3' and 5'- AGATGTTGCCAGGGAACTGA-3’ were utilized to amplify across the VEGF promoter region 
 ADDIN EN.CITE 
[32]
. 
2.10. Statistics 
Data were expressed as means ± S.E.M. For statistical evaluation, we used the Mann-Whitney U test for non-Gaussian parameters. The difference was considered significant if the P value was <0.05.

3. Results
3.1. HG induces VEGF production in human synovial fibroblasts 
The typical pathology of OA includes chronic inflammation of the synovium that is characterized by infiltration of inflammatory cells and synovial hyperplasia, especially of fibroblast-like synoviocytes. Therefore, we used human synovial fibroblasts to investigate the signaling pathways of HG in the production of VEGF. Treatment of OASF with glucose (3-100 mM) for 24 h induced VEGF mRNA expression in a concentration-dependent manner (Figure 1A), and this induction occurred in a time-dependent manner (Figure 1B). After HG (33 mM) treatment for 24 h, the amount of VEGF released had increased in OASF cells (Figure 1B). In addition, stimulation of cells with VEGF also led to increased expression of VEGF protein in a concentration and time-dependent manner by using Western blotting and ELISA assay (Figure 1C-F). Unlike HG, the addition of mannitol to the media did not affect the expression of VEGF in OASF cells compared with the control (Figure 1A-F), suggesting that the HG-triggered VEGF expression is not the result of high osmolality within the media. We also investigated whether HG induced other inflammatory cytokines (TNF-( and IL-1() in human synovial fibroblasts. Stimulation of cells with HG increased the expression of TNF-( and IL-1( in human synovial fibroblasts (Fig. 1G).
3.2. HG induces ROS generation in OASF cells
HG has been shown to increase COX-2 expression in mesangial cells through a ROS-mediated pathway 
 ADDIN EN.CITE 
[18]
. Thus, to determine whether HG could induce ROS production in OASF cells, we used a fluorescent probe DCF-DA to measure the generation of ROS in OASF cells. We found that treatment with HG induced a significant increase in ROS levels (Figure 2A). NADPH oxidase is an important source for the production of ROS 
 ADDIN EN.CITE 
[33]
, and to determine whether ROS was generated by NADPH oxidase. To determine whether NADPH and ROS are involved in HG-induced VEGF production, the NADPH oxidase inhibitor (APO and DPI) and ROS scavenger (NAC) were used 
 ADDIN EN.CITE 
[34]
. Pretreatment with these inhibitors clearly inhibited HG-induced ROS production in OASF cells (Figure 2B). Next, we examine the effect of HG on activation of NADPH oxidase in OASF cells. Stimulation of OASF cells increased the NADPH oxidase activity in a time-dependent manner (Figure 2C). In addition, pretreatment of cells with APO and DPI reduced HG-mediated NADPH oxidase activity (Figure 2D). Moreover, APO, DPI, and NAC also blocked HG-increased VEGF production (Figure 2E&F). These data suggested ROS production is mediated HG-induced VEGF expression in OASF cells.
    The activated form of NADPH oxidase is a multimeric protein complex consisting of at least three cytosolic subunits of p47phox, p67phox, and p40phox. The phosphorylation of p47phox leads to a conformational change allowing its interaction with p22phox and is indicative of NADPH activation 
 ADDIN EN.CITE 
[21]
. Next, we examine the effect of HG on the translocation of p47phox in OASF cells. Figure 3A show that HG stimulated a time-dependent increase in translocation of p47phox to the membrane, which was attenuated by pretreatment with DPI and APO (Figure 3B). Transfection with p47phox siRNA specifically blocked protein expression of p47phox (Figure 3C). In addition, p47phox siRNA also reduced HG-induced VEGF expression (Figure 3C&D). These results indicated that in OASF cells, HG-induced VEGF production was mediated through NADPH oxidase and generation of ROS.
3.3. The PI3K and Akt signaling pathways are involved in the potentiating action of HG
ROS-dependent PI3K activation has been reported to regulate COX-2 expression 
 ADDIN EN.CITE 
[18]
. We next examined whether HG stimulation also enhances the association of ROS with PI3K. Pretreatment of cells with PI3K inhibitor Ly294002 and wortmannin reduced HG-increased VEGF production (Figure 4A&B). p85 is a regulatory subunit of PI3K, it has been reported HG induced ROS-dependent p85 phosphorylation and COX-2 expression in human endothelial cells 
 ADDIN EN.CITE 
[18]
. Transfection with p85 mutant also reduced HG-induced VEGF expression (Figure 4C&D). We then directly measured phosphorylation of p85in response to HG. Stimulation of OASF cells led to a significant increase in phosphorylation of p85 (Figure 4E). Pretreatment of cells with APO or NAC also reduced HG-mediated p85 phosphorylation (Figure 4F). Ser473 residue phosphorylation of Akt by a PI3K-dependent signaling pathway causes enzymatic activation 35[]
. To examine the crucial role of PI3K/Akt in HG-induced VEGF expression, the Akt inhibitor was used. Pretreatment of cells with Akt inhibitor or transfection of cells with Akt mutant antagonized HG-induced VEGF expression (Figure 5A&B). We next determined Akt Ser473 phosphorylation in response to HG treatment. As shown in Figure 5C, treatment of OASF cells with HG resulted in time-dependent phosphorylation of Akt Ser473. In addition, HG also increased Akt activity by determining phosphorylation of one of its substrates GSK3(/( (Figure 5C). Pretreatment of cells with APO, NAC, or Ly294002 reduced HG-mediated Akt phosphorylation and kinase activity (Figure 5D). Taken together, these results indicate that the ROS/PI3K/Akt pathway is involved in HG-induced VEGF production.
3.4. Involvement of AP-1 in HG-induced VEGF expression 
The promoter region of human VEGF contains AP-1 binding site 
 ADDIN EN.CITE 
[32]
. To examine the role of the AP-1 binding site in HG-mediated VEGF expression, the AP-1 inhibitor curcumin 36[]
 and tanshinone IIA were used. Pretreatment of cells with curcumin or tanshinone IIA reduced HG-enhanced VEGF expression (Figure 6A&B). AP-1 activation was further evaluated by analyzing the accumulation of phosphorylated c-Jun in the nucleus as well as by a chromatin immunoprecipitation assay. Treatment of cells with HG resulted in a marked accumulation of phosphorylated c-Jun in the nucleus (Figure 6C). APO, NAC, Ly294002, or Akt inhibitor reduced the accumulation of phosphorylated c-Jun after HG treatment (Figure 6E). Transfection of cells with c-Jun siRNA suppressed HG-induced VEGF (Figure 6D). 
We next investigated whether c-Jun binds to the AP-1 element on the VEGF promoter after HG stimulation. The in vivo recruitment of c-Jun to the VEGF promoter was assessed via chromatin immunoprecipitation assay 
 ADDIN EN.CITE 
[32]
. In vivo binding of c-Jun to the AP-1 element of the VEGF promoter occurred after HG stimulation (Figure 6F). The binding of c-Jun to the AP-1 element by HG was attenuated by APO, NAC, DPI, Ly294002, wortmannin, and Akt inhibitor (Figure 6F). To further confirm that the AP-1 element is involved in HG-induced VEGF expression, we performed transient transfection with AP-1 promoter-luciferase constructs. Synovial fibroblasts incubated with HG showed a 5.1-fold increase in AP-1 promoter activity. The increase in AP-1 activity by HG was antagonized by APO, NAC, Ly294002, and Akt inhibitor or p47phox and c-Jun siRNA or p85 and Akt mutant (Figure 6G&H). Taken together, these data suggest that the activation of the ROS, PI3K, Akt, c-Jun, and AP-1 pathway is required for the HG-induced increase in VEGF in human OASF cells.
4. Discussion
OA is a heterogeneous group of conditions associated with defective integrity of articular cartilage as well as related changes in the underlying bone. Neovascularization, the formation of new blood vessels, can maintain the chronic inflammatory status by transporting the inflammatory cells to the site of synovitis as well as supplying nutrients and oxygen to pannus 
 ADDIN EN.CITE 
[37, 38]
. VEGF is a major angiogenic factor in OA joints 
 ADDIN EN.CITE 
[39]
. Diabetes may be an independent risk factor for OA. However, the effect of HG on VEGF expression in human synovial fibroblasts is mostly unknown. Here, we found VEGF as a target protein for the HG signaling pathway that regulates the neovascularization. We showed that potentiation of VEGF by HG requires activation of the ROS, PI3K, Akt, and AP-1 signaling pathways. Recently, Jansen et al., developed an experimental posttraumatic OA New Zealand White rabbit animal model, and found VEGF participated in early changes of OA 40[]
. Therefore, VEGF can be a diagnostic marker in OA. However, we did not establish an animal model to examine the relationship between HG and OA. Therefore, further study will be needed to confirm this phenomenon in animal experiment. 
Oxidative stress is a major factor in the development and the progression of many pathological conditions, including HG-induced damage of cells 
 ADDIN EN.CITE 
[41, 42]
. Our results revealed that HG in OASF cells stimulated the cellular production of ROS mediated through the activation of NADPH oxidase. In addition, the activation of NADPH oxidase was due to the translocation of p47phox from the cytosol to the cell membrane, which was inhibited by pretreatment with APO and DPI. Previous study has also reported that VEGF expression is induced by oxidative stress after HG stimulation 
 ADDIN EN.CITE 
[43]
. In our study, HG-induced VEGF protein and mRNA expression, were attenuated by pretreatment with APO, NAC, and DPI or transfection with p47phox siRNA. These results, taken together, indicated that the expression of VEGF in OASF cells, induced by HG, involved the activation of NADPH oxidase and the generation of ROS. Previous study also indicated that ROS is mediated induction of VEGF and VEGF receptors in chondrocytes and cartilage explants 44


[ ADDIN EN.CITE ]
. Therefore, the ROS-dependent VEGF expression is a common pathway during OA pathogenesis. 
PI3K, a potential candidate signaling molecule, has been shown to be capable of regulating ROS-mediated signaling 45[]
. Phosphorylation of the p85 subunit is required for activation of the p110 catalytic subunit of PI3K 45[]
. Pretreatment of OASF cells with PI3K inhibitor Ly294002 or wortmannin antagonized the increase of VEGF production by HG. This was further confirmed by the result that the dominant-negative mutant of p85 inhibited the enhancement of VEGF expression by HG stimulation. One of the downstream effectors of PI3K is the serine/threonine kinase Akt 
 ADDIN EN.CITE 
[46]
. Akt is involved in promotion of cell survival and possibly plays a role in PI3K-mediated cell functions 47[]
. In this study, we found that HG increased the phosphorylation and kinase activity of Akt. In addition, Akt inhibitor or mutant also reduced the HG-induced VEGF expression in human OASF cells. Pretreatment of cells with APO, NAC, or Ly294002 reduced HG-mediated Akt phosphorylation and kinase activity. Therefore, ROS and PI3K-dependent Akt activation is involved HG-increased VEGF production in OASF cells.
There are several binding sites for a number of transcription factors including NF-B, HRE, and AP-1 in the 5' region of the VEGF gene 
 ADDIN EN.CITE 
[48]
. Recent studies of the VEGF promoter have demonstrated that VEGF induction by several transcription factors occurs in a highly stimulus-specific or cell-specific manner 
 ADDIN EN.CITE 
[48, 49]
. The results of our current study show that AP-1 activation contributes to HG-induced VEGF expression in synovial fibroblasts. It have been reported curcumin and tanshinone IIA inhibit AP-1 activity by suppressing Jun-Fos-DNA complex formation 
 ADDIN EN.CITE 
[50, 51]
. Pretreatment of cells with an AP-1 inhibitor curcumin or tanshinone IIA reduced HG-increased VEGF expression. Therefore, the AP-1 binding site is likely to be the important site for HG-induced VEGF production. In this study, we only focus AP-1 biding site. We did not examine the other transcription factors including NF-B, E2F, SP-1, and HRE. Whether other transcription factors are involved in HG-induced VEGF expression needs further examination. The AP-1 sequence binds to members of the Jun and Fos families of transcription factors. These nuclear proteins interact with the AP-1 site as Jun homodimers or Jun-Fos heterodimers formed by protein dimerization through their leucine zipper motifs. The results of our study show that HG induced c-Jun nuclear accumulation. In addition, c-Jun siRNA abolished HG-induced VEGF expression in OASF cells. Therefore, c-Jun activation mediates by HG-increased VEGF expression. Furthermore, HG increased the binding of c-Jun to the AP-1 element within the VEGF promoter, as shown by a chromatin immunoprecipitation assay. Binding of c-Jun to the AP-1 element was attenuated by APO, NAC, DPI, Ly294002, wortmannin, and Akt inhibitor. Using transient transfection with AP-1-luciferase as an indicator of AP-1 activity, we also found that HG induced an increase in AP-1 activity. In addition, APO, NAC, Ly294002, and Akt inhibitor or p47phox and c-Jun siRNA or p85 and Akt mutant reduced HG-increased AP-1 promoter activity. These results indicate that HG may act through the ROS, PI3K, Akt, c-Jun, and AP-1 pathway to induce VEGF production in human OASF cells.
In conclusion, we explored the signaling pathway involved in HG-induced VEGF expression in human synovial fibroblasts. We found that HG increased VEGF expression through the generation of ROS and activation of NADPH oxidase, PI3K, Akt, c-Jun, and AP-1 pathways in OASF cells. These findings may provide a better understanding of the mechanisms of OA pathogenesis.
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FIGURE LEGENDS
Figure 1  Concentration- and time-dependent increases in VEGF production by HG.
OASF cells were incubated with HG or mannitol (100 mM) for 24 h (A) or with HG (33 mM) for 6, 12, or 24 h (B), and VEGF mRNA was examined by qPCR (6 OA lines). (C&D) OASF cells were incubated with HG for 24 h or with mannitol for 6, 12, or 24 h, and VEGF protein expression was examined by Western blotting (5 OA lines; n=5). (E&F) OASF cells were incubated with HG and mannitol for 24 h or with HG and mannitol for 6, 12, or 24 h. Media were collected to measure VEGF by ELISA assay (6 OA lines; n=6). (G) OASF cells were incubated with HG for 24 h, and mRNA expression was examined by qPCR (5 OA lines; n=5). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
Figure 2
ROS generation is involved in HG-induced VEGF expression.
(A) OASF cells were labeled with DCF-DA (10 M), and then incubated with HG (33 mG) for the indicated time intervals. The fluorescence intensity was measured (7 OA lines; n=7). (B) Cells were labeled with DCF-DA, and pretreated with 10 M NAC, 10 M diphenylene iodonium chloride (DPI) or 100 M apocynin (APO) for 30 min, and then treated with HG for 30 min. The fluorescence intensity was measured (6 OA lines; n=6). (C&D) OASF cells were incubated with HG for the indicated time intervals or pretreated with APO or DPI and then incubated with HG for 30 min. The NADPH oxidase activity was measured (7 OA lines; n=7). (E&F) OASF cells were pretreated for 30 min with NAC, DPI, or APO for 30 min followed by stimulation with HG for 24 h. Media and total RNA were collected, and the expression of VEGF was analyzed with ELISA and qPCR (7 OA lines; n=7). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
Figure 3
NADPH oxidase is involved HG-induced VEGF expression.
(A) OASF cells were stimulated with HG (33 mM) for the indicated time intervals. The membrane and cytosolic fractions of p47phox were measured by Western blotting. GP91 and actin were used as marker proteins for membrane and cytosolic fractions respectively (6 OA lines; n=6) (B) OASF cells were pretreated for 30 min with APO or DPI for 30 min followed by stimulation with HG for 10 min. The membrane and cytosolic fractions of p47phox were measured by Western blotting (6 OA lines; n=6). (C; insert panel) OASF cells were transfected with p47phox siRNA for 24 h, the p47phox expression was examined by Western blotting. (C&D) OASF cells were transfected with p47phox siRNA followed by stimulation with HG for 24 h. Media and total RNA were collected, and the expression of VEGF was analyzed with ELISA and qPCR (7 OA lines; n=7). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
Figure 4
PI3K is involved in HG-mediated VEGF production in synovial fibroblasts.
(A-D) OASF cells were pretreated for 30 min with Ly294002 (10 ) and wortmannin (1 ) or transfected with p85 mutant followed by stimulation with HG for 24 h. Media and total RNA were collected, and the expression of VEGF was analyzed with ELISA and qPCR (6 OA lines; n=6). (E) Cells were incubated with HG for indicated time intervals, and p85 phosphorylation was examined by Western blotting (7 OA lines; n=7). (F) Cells were pretreated for 30 min with APO or NAC for 30 min, followed by stimulation with HG for 15 min, and p85 phosphorylation was determined by Western blotting (5 OA lines; n=5). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
Figure 5
Akt is involved in HG-mediated VEGF production in synovial fibroblasts.
(A&B) OASF cells were pretreated for 30 min with Akt inhibitor [(1L-6-hydroxymethyl-chiro-inositol-2-((R)-2-O-methyl-3-O-octadecylcarbonate)); 10 Sigma] or transfected with Akt mutant followed by stimulation with HG for 24 h. Media and total RNA were collected, and the expression of VEGF was analyzed with ELISA and qPCR (6 OA lines; n=6). (C) Cells were incubated with HG for indicated time intervals, and Akt phosphorylation and kinase activity was examined by Western blotting (5 OA lines; n=5). (D) Cells were pretreated for 30 min with APO, NAC, or Ly294002 for 30 min, followed by stimulation with HG for 30 min, and Akt phosphorylation and kinase activity was examined by Western blotting (5 OA lines; n=5). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
Figure 6
AP-1 is involved in the potentiation of VEGF production by HG.
(A&B) OASF cells were pretreated for 30 min with curcumin (10 M) and tanshinone IIA (10M) followed by stimulation with HG (33 mM) for 24 h. Media and total RNA were collected, and the expression of VEGF was analyzed with ELISA and qPCR (6 OA lines; n=6). (C&E) OASF cells were incubated with HG for indicated time intervals or pretreated with APO, DPI, Ly294002, or Akt inhibitor and then incubated with HG for 30 min. The c-Jun phosphorylation in nucleus was determined by Western blotting (5 OA lines; n=5). (D; insert panel) OASF cells were transfected with c-Jun siRNA for 24 h, the c-Jun expression was examined by Western blotting. (D) Cells were transfected with c-Jun siRNA followed by stimulation with HG for 24 h. Media were collected, and the expression of VEGF was analyzed with ELISA (6 OA lines; n=6). (F) OASF cells were pretreated with APO, DPI, NAC, Ly294002, wortmannin or Akt inhibitor, and then stimulated with HG for 120 min. A chromatin immunoprecipitation assay was then performed. The chromatin was immunoprecipitated with anti-c-Jun. One percent of the precipitated chromatin was assayed to verify equal loading (input) (7 OA lines; n=7). (G&H) OASF cells were transfected with the AP-1-luciferase expression vector and then pretreated with APO, DPI, NAC, Ly294002, wortmannin, and Akt inhibitor or cotransfected with p47phox and c-Jun siRNA or p85 and Akt mutant before incubation with HG for 24 h. Luciferase activity was then assayed (5 OA lines; n=5). *: p<0.05 as compared with basal level. #: p<0.05 as compared with HG-treated group.
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