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Highlight
CA up-regulates the expression of GSTP via the p38/Nrf2/GPEI pathway in Clone 9 cells.













ABSTRACT
Induction of phase II enzymes is important in cancer chemoprevention. We compared the effect of rosemary diterpenes on expression of the pi class of glutathione S-transferase (GSTP) in rat liver Clone 9 cells and the signaling pathways involved. Culturing cells with 1, 5, 10, or 20 μΜ carnosic acid (CA) or carnosol (CS) for 24 h dose-dependently increased GSTP expression. CA was more potent than CS. The RNA level and enzyme activity of GSTP were also enhanced by CA treatment. Treatment with 10 μΜ CA highly induced reporter activity of the enhancer element GPEI. Furthermore, CA markedly increased the translocation of nuclear factor erythroid-2 related factor 2 (Nrf2) from cytosol to the nucleus after 30 to 60 min. Pretreatment with SB203580 (a p38 inhibitor) or silencing of Nrf2 by siRNA suppressed CA-induced GPEI-DNA binding activity and GSTP protein expression. Knockdown of p38 or Nrf2 by siRNA abolished the activation of p38 and Nrf2 as well as the protein induction and enzyme activity of GSTP by CA. These results suggest that CA up-regulates the expression and enzyme activity of GSTP via the p38/Nrf2/GPEI pathway.     
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1. Introduction
Many natural dietary constituents from herbs and spices are considered chemopreventive agents because they modulate the expression of detoxification enzymes. In mammals, phase I and phase II detoxification enzymes are involved in the metabolic activation and detoxification of various classes of environmental carcinogens.1 Phase I detoxification enzymes, mainly cytochrome P450, convert xenobiotics to active intermediates. Phase II detoxification enzymes, which include glutathione S-transferases (GSTs), NAD(P)H:quinone oxidoreductase 1 (NQO1), and heme oxygenase-1 (HO-1), catalyze the conjugation of these active intermediates by sulfation or glucuronidation to increase their water solubility and facilitate their excretion.

The GSTs are classified into eight cytosolic classes: alpha, mu, pi, omega, sigma, theta, delta, and zeta.2 There is growing interest in the properties of the pi class of GST (GSTP) because of its possible roles in cell transformation and carcinogenesis.3 Mice lacking GSTP show significantly elevated benzopyrene-induced lung cancer.4 Another animal study indicated that the bladder of GSTP-null mice under cyclophosphamide treatment shows more severe ulcerations of the lamina propria than does the bladder of wild-type mice.5 By contrast, benzo(a)pyrene-induced neoplastic formation in the forestomach is suppressed by enhancing GSTP expression in mice.6 Studies have further supported that GSTP prevents rat ovary from 7,12-dimethylbenz[a]anthracene or 4-vinylcyclohexene diepoxide–stimulated toxicity. 7, 8 These reports suggest that GSTP expression is an important determinantion of protection against various chemical insults.

Two enhancing elements have been identified in the GSTP gene: GSTP enhancer I (GPEI) and GSTP enhancer II (GPEII). The inducibility of GSTP is majorly regulated by GPEI via the phorbol-12-O-tetradecanoate-13-acetate responsive element (TRE)-like elements in the 5' upstream region.9 Because the TRE-like elements in GPEI share sequence similarity with the antioxidant response element (ARE), the nuclear factor erythroid-2 related factor 2 (Nrf2) is a possible candidate that binds to the TRE.10 Lii et al.11 reported that Nrf2 binds to the GPEI and enhances GSTP expression in rat liver Clone 9 cells treated with sulforaphane and α-lipoic acid. Evidence also suggests that Nrf2 activity is regulated by various signaling pathways, including extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38 kinase.12

Carnosic acid (CA) and carnosol (CS) are phenolic diterpenes in rosemary (Rosmarinus officinalis) that have been evidenced to have antiinflammatory, antioxidant, and anticarcinogenic activities and neuroprotective effects.13-15 Among these bioactivities, CA and CS are the most potent antioxidant components in rosemary leaf extract.16, 17 In rat pheochromocytoma (PC12) cells, CS increases HO-1 expression by activating the phosphatidylinositol 3-kinase/Akt/Nrf2 pathway.18 CS treatment of human HepG2 hepatoma cells inhibits hydrogen peroxide- and alcohol-reduced cell viability by promoting the content of intracellular glutathione and the mRNA level of γ-glutamylcysteine ligase catalytic subunit and modifier subunit.19 Additionally, an animal model indicated that the CA-reduced carcinogenesis of 7,12-dimethylbenz[α]anthracene in hamster buccal pouch is associated with reduced lipid peroxidation and modulation of antioxidant enzymes.20 Although CA and CS are promising candidates for chemoprevention programs, the effects of CA or CS on GSTP expression remain unclear. 

In our previously study, we indicated that NQO1 protein expression and enzyme activity are significantly increased by CA or CS treatment in rat liver Clone 9 cells and that the induction ability of CA is higher than that of CS. Moreover, we showed that CA treatment elevates NQO1 protein expression in association with the p38/Nrf2 signaling pathway. In contrast, the ERK and JNK pathways are not significantly affected by CA.21 However, whether the p38/Nrf2 signaling pathway plays an important role in GSTP expression by CA has not been elucidated. In the present study, we explored the modulatory effect of CA and CS on GSTP expression and compared the relative induction potency of these compounds in rat liver Clone 9 cells. Moreover, we examined whether GPEI is required for the induction of GSTP through activation of the p38/Nrf2 signaling pathway.














2. Materials and methods
2.1.  Chemicals
CA, CS, leupeptin, aprotinin, HEPES, sodium bicarbonate, EDTA, glycerol,
ethacrynic acid (EA), β-mercaptoethanol, phenylmethylsulfonyl fluoride, bovine serum albumin, deoxynucleotide triphosphate, and dimethylsulfoxide (DMSO) were obtained from Sigma Chemical Company (St. Louis, MO). RPMI-1640 medium, trypsin, and penicillin-streptomycin solution were obtained from Gibco Laboratory (Grand Island, NY). Trizol was ordered from Invitrogen (Carlsbad, CA). Fetal bovine serum was purchased from Hyclone (Logan, UT). RNase inhibitor and oligo dT were purchased from Promega Company (Madison, WI). SB203580 was purchased from TOCRIS (Bristol, U.K.).

2.2.  Cell culture
The culture process is described in our previous study.21 The rat liver Clone 9 
cells were purchased from Bioresources Collection and Research Center (BCRC, Taiwan) and were grown in RPMI-1640 medium supplemented with 10 mM HEPES, 2.2 g/L sodium bicarbonate, 1105 units/L penicillin, 100 mg/L streptomycin, and 10% fetal bovine serum. Cells were incubated at 37C in a humidified atmosphere of 5% CO2 and 95% air. For all studies, Clone 9 cells were seed on 35-mm plastic tissue culture dishes (Corning, NY) at a density of 2.5×105 cells per dish and were allowed to grow for 24 h. Fresh medium containing various concentrations of CA and CS was then added, and the cells were incubated for the indicated times. Additionally, cells (2.5×105 cells/35 mm dish) were incubated for 16 h, the transfection of small RNA interference and luciferase assay were performed. For inhibition of kinase activity, SB203580 (a p38 inhibitor) was added at a concentration of 20 μM for 1 h before CA treatment. Cells treated with 0.1% DMSO alone was regarded as controls.

2.3.  Western blot analysis
The method was determined by our previous study.21 After treatment, cells were washed twice with phosphate-buffered saline and were then harvested in 20 mM potassium phosphate buffer (pH 7.0). Lysates were centrifuged at 10,500 ×g for 30 min at 4°C. Protein concentrations were measured with the Coomassie plus protein assay reagent kit (Pierce, Rockford, IL). In GSTP protein, three micrograms of total protein from each sample were loaded on the 11% SDS-PAGE gels. In addition to GSTP protein, ten micrograms of total or nuclear protein from each sample were applied to 10% SDS-PAGE gels. Subsequently, SDS-PAGE gels were electrophoretically transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA). The nonspecific binding sites on the membranes were blocked at 4°C overnight with 50 g/L nonfat dry milk in 25 mM Tris/150 mM NaCl buffer, (pH 7.4). The blots were then incubated with primary antibodies against GSTP (purchased from Transduction Laboratories, Lexington, KY); p38, phospho-p38, or Nrf2 (all from Santa Cruz Biotechnology, Santa Cruz, CA); poly(ADP)-ribose polymerase (PARP) (Cell Signaling Technology, Beverly, MA); and β-actin (Sigma Chemical Company, Louis, MO) at 4°C overnight and were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG and goat anti-mouse IgG (all from Perkin Elmer Life Sciences, Boston, MA) as secondary antibody. The bands were visualized by using an enhanced chemiluminescence kit (Perkin Elmer Life Science, Boston, MA). 

2.4.  RT-PCR
The RT-PCR method is described in our previous study.22 Total RNA was extracted by using Trizol reagent. A total of 0.2 μg RNA was used for the synthesis of first-stand cDNA. Reverse transcription was carried out in a programmable thermal cycler and was performed in a volume of 20 μL containing 25 mM Tris-HCl, 50 mM (NH4)2SO4, 0.3% β-mercaptoethanol, 0.1 g/L bovine serum albumin, 5 mM MgCl2, 1 mM of each deoxynucleotide triphosphate, 2.5 units RNase inhibitor, and 0.5 mM oligo dT and Moloney murine leukemia virus reverse transcriptase. The reaction mixture was incubated for 1 cycle at 42°C for 15 min, 99°C for 5 min, and 4°C for 10 min. The sequences for the RT-PCR primers were as follows: for GSTP (forward: 5’- TTCAAGGCTCGCTCAAGTCCAC-3’, reverse: 5’- CTTGATCTTGGGGCGGGCACTG -3’); for glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (forward: 5’- GACGTGCCGCCTGGAGAAA-3’; reverse: 5’- GGGGGCCGAGTTGGGATAG-3’). The PCR reactions were performed as follows: 5 min at 94°C; 35 cycles of 40 s at 94°C, 40 s at 60°C, and 120 s at 72°C; and a final extension of 5 min at 68°C. The PCR amplicons were then electrophoresed in 1%-agarose gels containing 1X TAE buffer (40 mM Tris, 20 mM glacial acetic acid, and 2 mM EDTA).

2.5.  Enzyme activity assay
GSTP activity was measured by use of EA as the substrate. Briefly, the reaction mixture in a final volume of 1 mL contained 100 mM phosphate buffer (pH, 6.5), 1 mM glutathione, 20 mM EA, and 100 μL total proteins. The EA conjugated form was measured at 270 nm. 

2.6.  Preparation of nuclear extracts
Preparation of nuclear extracts was performed as in our previous study.23 After treatment, cells were washed twice with phosphate-buffered saline followed by scraping from the dishes with phosphate-buffered saline. Cell homogenates were centrifuged at 2000 ×g for 5 min. The cell pellets were allowed to swell on ice for 15 min after the addition of 200 μL of hypotonic buffer containing 10 mM HEPES, 10 mM KCl, 1 mM MgCl2, 1 mM EDTA, 0.5 mM dithiothreitol, 0.5% Nonidet P-40, 4 mg/L leupeptin, 20 mg/L aprotinin, and 0.2 mM phenylmethylsulfonyl fluoride. After centrifugation at 6000 ×g for 15 min, pellets containing crude nuclei were resuspended in 40 μL of hypertonic buffer containing 10 mM HEPES, 400 mM KCl, 1 mM MgCl2, 1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol, 4 mg/L leupeptin, 20 mg/L aprotinin, and 0.2 mM phenylmethylsulfonyl fluoride and were incubated for an additional 30 min on ice. The nuclear extracts were then obtained by centrifugation at 10,000 ×g for 15 min and were frozen at -80℃.The nuclear proteins were subsequently determined by electromobility gel shift assay (EMSA) and Western blot assay.

2.7.  Electromobility gel shift assay
The method is described in our previous study.11 The LightShift Chemiluminescent EMSA kit (Pierce Chemical) and synthetic biotin-labeled double-stranded GPEI consensus oligonucleotide (forward: 5’-AGTAGTCAGTCACTATGATTCAGCAAC-3’; reverse: 5’-GTTGCTGAATCATAGTGACTGACTACT-3’) were used to measure the effect of CA on GPEI-DNA binding activity. Unlabeled double-stranded GPEI (200 ng) and a mutant double-stranded oligonucleotide were also used to confirm specific binding. Eight micrograms of nuclear protein, poly(dI-dC), and biotin-labeled double-stranded GPEI oligonucleotide were mixed with the binding buffer to a final volume of 20 mL and were incubated at room temperature for 30 min. The nuclear protein-DNA complex was separated by electrophoresis on a 6% Tris-boric acid-EDTA-polyacrylamide gel and was then electrotransferred to a Hybond-N+ nylon membrane (GE Healthcare, Buckinghamshire, U.K.). The membrane was incubated with streptavidin-horseradish peroxidase and the nuclear protein-DNA bands were developed by using an enhanced chemiluminescence kit.

2.8.  Plasmids, transfection, and luciferase assays
Cells were incubated until 80% confluence was reached. Furthermore, cells were transiently transfected for 5 h with 1 µg of the pTA-GSTP Luc vectors by nanofectin reagent (PAA, Austria) and were then exposed to CA for an additional 20 h. For luciferase assay, the cell lysate was first mixed with a luciferase substrate solution (Promega Company, Madison, WI), and the resulting luciferase activity was measured by using a microplate luminometer. The luciferase activity of each sample was corrected on the basis of β-galactosidase activity, which was measured at 420 nm with O-nitrophenyl β-D-galactopyranoside as a substrate. The value for cells treated with DMSO vehicle alone was regarded as 1.

2.9.  Transient transfection of small RNA interference
When 80% to 90% confluence was reached, the cells were transfected with p38 small interfering RNA (p38 siRNA), Nrf2 siRNA, or nontargeting control siRNA by using the DharmaFECT® siRNA transfection reagent according to the manufacturer’s instruction (all from Thermo Fisher Scientific, Lafayette, CO) for 24 h. The sense sequences of these p38 siRNAs were as follows: 1) 5’-GGACCUCCUUAUAGACGAA-3’, 2) 5’-GCACACUGAUGACGAAAUG-3’, 3) 5’-ACACUCGGCUGACAUAAUC-3’, and 4) 5’-GAAUGUGAUUGGUCUGUUG-3’. The sense sequences of these Nrf2 siRNAs were as follows: 1) 5’-GAACACAGAUUUCGGUGAU-3’, 2) 5’-AGACAAACAUUCAAGCCGA-3’, 3) 5’-GGGUUCAGUGACUCGGAAA-3’, and 4) 5’-AGAAUAAAGUUGCCGCUCA-3’. Twenty-four hours after transfection, the cells were changed to fresh culture medium containing 10 μM CA for the indicated times and the cell lysates were determined by EMSA, Western blot, and enzyme activity assays.

2.10 . Statistical analysis
Statistical analysis was performed with commercially available software (SAS Institute Inc, Cary, NC). Data were analyzed by means of one-way ANOVA, and the significant difference among treatment means was assessed by use of Duncan’s and Tukey’s test. Comparisons between two groups were made by using Student’s t-test. A value of p <0.05 was considered to be significant.










3. Results
3.1.  CA increased the mRNA, protein expression, and enzyme activity of GSTP
Clone 9 cells were incubated with 1 to 20 μM of CA or CS for 24 h. As shown in the immunoblot assay, both CA and CS dose-dependently induced the protein expression of GSTP, and the induction in expression by CA was higher than that by CS. The GSTP protein expression at 10 μM of CA and CS increased by 10.0- and 8.6-fold, respectively, compared with that in the control cells (Fig. 1A). Because the structures and properties between CA and CS are similar, we choose the CA to further experiments. The RT-PCR result indicated that treatment cells with 10 and 20 μM CA also induced the mRNA level of GSTP (Fig. 1B). Furthermore, we used EA as a substrate to measure GSTP enzyme activity. As shown by enzyme activity assay, CA treatment at 10 or 20 μM markedly enhanced the enzyme activity of GSTP by 103.8% and 84.8%, respectively, compared with that of the control group (p＜0.05; Fig. 1C). We found that the induction ability of GSTP mRNA level, protein expression, and enzyme activity by CA at 10 and 20 μM were no significant differences, therefore, we selected the dose of CA at 10 μM to further experiments.

3.2.  GPEI is required for the up regulation of GSTP by CA
Clone 9 cells were transiently transfected with the GPEI reporter plasmid to test whether the promoter activity of the GSTP gene was modulated by CA treatment. Luciferase activity was significantly stimulated in a dose-dependent manner in the presence of CA (p＜0.05). At a concentration of 10 μM, CA caused a 1.8-fold increase in reporter activity compared with that in the control cells (Fig. 2). The data suggested that GPEI is required for the up-regulation of GSTP by CA treatment.

3.3.  CA increases GPEI-DNA binding activity via the p38 and Nrf2 pathway
  We used SB203580 (a p38 inhibitor) or knockdown of Nrf2 by siRNA transfection to determine whether CA increased the GPEI-DNA binding activity through the p38 or Nrf2 pathway. As indicated, the DNA binding activity of GPEI was increased in cells treated with CA, but SB203580 pretreatment or transfection with Nrf2 siRNA attenuated the effect of CA (Fig. 3).The specificity of the DNA-protein interaction for GPEI was demonstrated by a competitive assay with unlabeled double-stranded oligonucleotide (cold) and also with mutant double-stranded oligonucleotide (mut).The results suggested that DNA activity of GPEI is associated with p38 and Nrf2 pathway. 

3.4.  CA increases GSTP protein and enzyme activity via the p38-Nrf2 pathway
We previously result indicated that p38 pathway is involved in the CA-induced Nrf2 activation.21 Moreover, Nrf2 could bind to the TRE-like elements in GPEI and enhances GSTP expression.10 To explore whether the p38 pathway was involved in CA-induced GSTP protein expression, we used SB203580 or knockdown of p38 by siRNA transfection. Pretreatment of SB203580 significantly inhibited CA-increased the protein expression of GSTP (Fig. 4A). After treatment of cells with p38 siRNA, the cellular p38 level was decreased (vs. nontargeting control siRNA), which further reduced the phosphorylation of p38 by CA. Moreover, the induction of GSTP protein by CA was attenuated by silencing p38 expression with p38 (Fig. 4B). 
We then treated Clone 9 cells with CA for 15, 30, and 60 min. The immunoblotting result indicated that CA also enhanced the activation of nuclear Nrf2 protein at 30 and 60 min (Fig. 5A). After cells transfection with nontargeting control siRNA, the Nrf2 nuclear protein and GSTP protein by CA were induced, however, transfection with Nrf2 siRNA attenuated CA-stimulated the induction of Nrf2 nuclear protein and GSTP protein (Fig. 5B). Furthermore, we used the suppression of p38 or Nrf2 expression by siRNA transfection to determine the enzymatic activity. CA enhanced the enzyme activity of GSTP by 170%, compared with that of the nontargeting control siRNA. Transfection with p38 and Nrf2 siRNA markedly reduced the percentage of GSTP enzyme activity by 34% and 43%, respectively, compared with that of the CA treatment in the nontargeting control siRNA (p＜0.05; Fig. 5C). These results suggested that the p38/Nrf2 pathway plays an important role in CA-induced the protein expression and enzyme activity of GSTP.



















4. Discussion
The induction of GSTP by bioactive compounds in plants is widely accepted as an efficient strategy for reducing the risk of diseases related to exposure to chemical toxins. For example, one study suggested that the ethanolic extract of Phyllanthusurinaria protects H9c2 myocardiac cells from doxorubicin-induced toxicity by enhancing GSTP expression, whereas knockdown of GSTP expression by siRNA reverses the effect.24 In another study, hawthorn (Crataegusoxyacantha L.) bark extract was shown to have hepatoprotective property by increasing the protein expression and mRNA level of GSTP in normal THLE-2 hepatocytes.25 Our previous study indicated that allium organosulfur compounds increase the expression of GSTP gene in Clone 9 cells.26 Furthermore, in rat primary hepatocytes, the level of GSTP is enhanced by butein treatment.27 In the present study, we showed that rosemary phenolic compounds, CA and CS, differentially upregulate GSTP expression in Clone 9 cells. Moreover, we showed that the upregulation of GSTP by CA is likely related to the p38-Nrf2-GPEI pathway. 

Recently, studies have reported that CA and CS possess several physiologic activities through modulation of detoxification enzymes. For example, Takahashi et al28 suggested that CA and CS significantly inhibit adipocyte differentiation in mouse 3T3-L1 cells through the induction of GSTA, GSTM, or GCLC mRNA level and activation of glutathione. Additional study has revealed that CA protects the retina-derived cell lines ARPE-19 and 661W against hydrogen peroxide–induced toxicity and hyperoxidized peroxiredoxin formation by enhancing of NQO1, HO-1, and GCLC mRNA expression.29 CA also prevents SH-SY5Y dopaminergic cells from 6-hydroxydopamine-elicited ROS production and apoptosis signaling activation by increasing glutathione synthesis.23 In the present study, both CA and CS induced the protein expression of GSTP in Clone 9 cells in the order of CA>CS (Fig. 1A).This finding is supported by our previous study which showed that CA is much more powerful than CS in increasing NQO1 protein expression in Clone 9 cells.21 Satoh et al 30 also suggested that CA is more powerful than CS at protecting mouse cortical neurons against oxidative glutamate toxicity. CA is well known as the most abundant constituent in rosemary leaves.16, 31 The antioxidant potential of CA may be associated with its two O-phenolic hydroxyl groups present at C-11 and C-12 of the molecule.32  Yan et al. (2009) indicated that intragastric administration of CA (90 mg/kg) to rat results in serum levels of up to about 33 μg/ml.33 In this study, cells were cultured with 10 μM of CA. Therefore, according to the study, rats obtain the 10 μM CA in plasma is needed to exposure to CA approximately 9 mg/kg body weight. Based on adult (60 kg) body weight, 5% dry weight of rosemary leaves,34 and body surface area normalization method,35 the calculation displays that a human would have to consume 1.8 grams of dry weight rosemary leaves in order to receive a benefit on induction of GSTP.
    
Several studies have indicated that induction of GSTP is majorly regulated by GPEI.9 For example, Indigofera suffruticosa Mill extracts were shown to markedly increase GPEI luciferase activity and GSTP protein expression in Clone 9 cells.36 We previously indicated the essentiality of GPEI for GSTP induction by allyl sulfides in garlic or by butein in Clone 9 cells. By contrast, the GPEII had no influence on the induction of the GSTP gene.27, 37 In the present study, the GPEI-Luc reporter used for the garlic and butein studies was transfected into Clone 9 liver cells to study the role of GPEI in the induction of GSTP by CA. We found that CA significantly increased GPEI luciferase activity (Fig. 2) and further increased the induction of the GSTP mRNA level, protein expression, and enzyme activity (Fig. 1). These findings agree with the work by Okuda et al 38, which suggested that GPEI is the main regulatory element responsible for GSTP induction. 

Several studies have indicated that activator protein-1(AP-1) is the important transcription factor that binds to the TRE-like element in GPEI.39 In addition to AP-1, Nrf2 is also regarded as a possible transcriptional factor that binds to GPEI. The feasible TRE-like elements in GPEI (5’-AGTCAGTCACTATGATTCAGCA-3’) share sequence similar with those of the ARE (5’-GTCACTTGGCA-3’). Ikeda et al.10  indicated that Nrf2/MafK binds to the GPEI and upregulates GSTP expression in the early hepatocarcinogenesis stage of rat H4IIE hepatoma cells. In the basal condition, Nrf2 is present in the cytoplasm as an inactive complex with the inhibitory protein subunit Kelch-like ECH-associated protein 1(Keap1); however, the Keap1/Nrf2 complex is disrupted and Nrf2 translocates into the nucleus and activates phaseII detoxification genes under the electrophilic antioxidant stimulated condition.40 For example, CA reacts with the cysteine thiol of Keap1 protein to forma Keap1-CA adduct and releases Nrf2 protein from the Keap1/Nrf2 complex.15 In the present study, treatment of cells with CA increased translocation of nuclear Nrf2 and GSTP protein expression; however, knockdown of Nrf2 by siRNA transfection suppressed the effect (Fig. 5A and 5B).These data suggested that the Nrf2/GPEI signaling pathway is a candidate to regulate the induction of GSTP expression by CA. This explanation is supported by our previous study showing that sulforaphane and α-lipoic acid activate Nrf2 binding to the GPEI and then upregulate the transcription of the GSTP gene.11 Moreover, the induction of GSTP by 6-methylsulfinylhexyl isothiocyanate of wasabi was shown to be eliminated in Nrf2-deficientmice.41

Accumulating evidences suggest that the MAPK pathways are involved in activating the binding of multiple transcriptional factors (such as AP-1 and Nrf2) to the GPEI and induction of GSTP expression. For example, allium sulfides increase the phosphorylation of ERK and then activate the binding of c-Jun to the GPEI in Clone 9 cells.26 Additional studies have revealed that the induction of GSTP by diallyl disulfide and diallyl trisulfide is dependent on the ERK-AP-1-GPEI and JNK-AP-1-GPEI signaling pathways.42 However, we previously found that phosphorylation of p38 was an important action in the upregulation of NQO1 by CA. In contrast, the ERK and JNK pathways were not significantly affected by CA. Moreover, we previous indicated that suppression of p38 expression by p38 siRNA transfection declined the CA-induced Nrf2 activation.21 In this study, cells pretreatment with SB203580 and Nrf2 siRNA decreased the CA-induced the DNA binding activity of GPEI (Fig 3). We also found that SB203580 inhibited CA-stimulated the GSTP protein induction (Fig. 4A). In parallel, the induction of GSTP protein expression and enzyme activity by CA was disappeared in the presence of p38 and Nrf2 siRNA (Figs 4 and 5). These findings strongly suggest that induction of GSTP by CA is dependent on the p38-Nrf2 pathway, and that GPEI is responsible for this up-regulation of a phase II detoxification enzyme.  








5. Conclusion
In summary, CA and CS were effective inducers of GSTP gene transcription, and the induction potency of CA was stronger than that of CS. Moreover, the effectiveness of CA on GSTP expression was related to the p38-Nrf2-GPEI pathway.   






















Abbreviations
AP-1        activator protein-1
ARE        antioxidant response element
CA         carnosic acid
CS         carnosol
DMSO      dimethylsulfoxide
EA         ethacrynic acid
ERK        extracellular signal-regulated kinase
GAPDH     glyceraldehydes-3-phosphate dehydrogenase
GPEI       GSTP enhancer I
GPEII      GSTP enhancer II
GSTs       glutathione S- transferases
GSTP       pi class of GST
HO-1       heme oxygenase-1
JNK        c-Jun NH2-terminal kinase
Keap1      Kelch-like ECH-associated protein 1
NQO1      NAD(P)H:quinone oxidoreductase 1
Nrf2       nuclear factor erythroid-2 related factor 2
PARP      poly(ADP)-ribose polymerase
TRE       phorbol-12-O-tetradecanoate-13-acetate responsive element
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Figure captions
Fig. 1. Effect of CA or CS on GSTP mRNA, protein expression, and enzyme activity in Clone 9 cells. Cells were treated with 0.1% DMSO alone (control, C) or with 1, 5, 10, or 20 μM CA or CS for 24 h. (A) GSTP protein expression was determined by Western blotting. β-Actin was used as the loading control. (B) The GSTP mRNA level was examined by using RT-PCR. GAPDH was used as the loading control. Changes in GSTP protein and mRNA expression were measured by densitometry. The level in control cells was regarded as 1. (C) GSTP enzyme activity was determined by using EA as a substrate. Values are means±SD, n=3. Means without a common letter differ significantly, p <0.05. One representative experiment out of three independent experiments is shown.

Fig. 2. CA stimulated GPEI luciferase activity in Clone 9 cells. Cells were transfected with GPEI reporter plasmid for 5 h and were then treated with various concentrations of CA for 20 h. The luciferase activity of cells transfected with GPEI reporter plasmid and treated with 0.1% DMSO alone (control, C) was regarded 1. Value are means±SD, n=3. Means without a common letter differ significantly, p <0.05.

Fig. 3. SB203580 (a p38 inhibitor) and Nrf2 siRNA inhibited CA-induced the DNA binding activity of GPEI in Clone 9 cells. Cells were treated with 0.1% DMSO alone (control, C) or with 10 μM CA for 1 h in the presence or absence of SB203580 (SB). In transfection, cells were transfected with 50 nM nontargeting control siRNA (NTC) or Nrf2 siRNA (si-Nrf2) for 24 h, cells were cultured with 0.1% DMSO alone (control, C) or with 10 μM CA for 1 h. Nuclear extracts were prepared to perform GPEI binding activity by electromobility gel shift assay (EMSA). Unlabeled double-stranded oligonucleotides (cold) and mutant double-stranded oligonucleotides (mut) were added for the specificity assay. One representative experiment out of three independent experiments is shown. 

Fig. 4. SB203580 (a p38 inhibitor) and p38 siRNA decreased CA-induced p38 phosphorylation and GSTP protein expression in Clone 9 cells. (A) Cells were pretreated with 20 μΜ SB203580 (SB) for 1 h and were then cultured with 0.1% DMSO alone (control, C) or with 10 μM CA for 24 h. (B) Cells were transfected with nontargeting control siRNA (NTC) or p38 siRNA (si-p38) for 24 h. The transfected cells were then treated with 10 μM CA for 0.5 h or 24 h. The expression of p38, phospho p38 and GSTP was determined by Western blotting. β-Actin was used as the loading controls. Changes in p38 phosphorylation and GSTP protein expression were measured by densitometry. The level in control or nontargeting control siRNA cells was regarded as 1. Values are means±SD, n=3. Data were analyzed by using Duncan’s test. Means without a common letter differ significantly, p <0.05. *Different from control of nontargeting control siRNA , p < 0.05. One representative experiment out of three independent experiments is shown.

Fig. 5. CA up-regulated the GSTP protein and enzyme activity through p38-Nrf2 pathway in Clone 9 cells. (A) Cells were stimulated with 0.1% DMSO alone (control, C) or with 10 μM of CA for 15, 30, and 60 min. (B) Cells were transfected with p38 siRNA (si-p38), Nrf2 siRNA (si-Nrf2) or nontargeting control siRNA (NTC) for 24 h. The transfected cells were then treated with 10 μM CA for 0.5 h or 24 h. The expression of nuclear Nrf2 and GSTP protein was analyzed by Western blotting. β-Actin and PARP were used as the loading controls. Changes in nuclear Nrf2 and GSTP protein expression were measured by densitometry. The level in control or nontargeting control siRNA cells was regarded as 1. (C) GSTP enzyme activity was determined by using EA as a substrate. Values are means±SD, n=3. Means without a common letter differ significantly, p <0.05. The data of Nrf2 and GSTP protein expression in si-Nrf2 cells were analyzed by using Duncan’s test. The data of nuclear Nrf2 and GSTP enzyme activity were analyzed by using Tukey’s test. Means without a common letter differ significantly, p <0.05. *Different from control of nontargeting control siRNA , p < 0.05. One representative experiment out of three independent experiments is shown. 
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