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ABSTRACT 
Carnosic acid (CA), a diterpene found in the rosemary (Rosmarinus officinalis), has been reported neuroprotective effect. Glutathione S-transferase (GST) P (GSTP) is a phase II detoxifying enzyme that provides a neuroprotective effect. The aim of this study was to explore whether the neuroprotective effect of CA is via an upregulation of GSTP expression and the possible signaling pathways involved. SH-SY5Y cells were pretreated with 1 μM CA followed by treatment with 100 μM 6-hydroxydopamine (6-OHDA). Both immunoblotting and enzyme activity results shown that CA also induced protein expression and enzyme activity of GSTP. Moreover, CA significantly increased the phosphorylation of phosphatidylinositol 3-kinase (PI3K)/Akt, the nuclear translocation of p65, but not mitogen-activated protein kinases (p < 0.05). Pretreatment with LY294002 (a PI3K/Akt inhibitor) suppressed the CA-induced phosphorylation of IκB kinase (IKK) and IκBα, p65 nuclear translocation, and nuclear factor-kappa B (NF-κB)-DNA binding activity as well as GSTP protein expression. Furthermore, CA attenuated 6-OHDA-induced caspase 3 activation and cell death was reversed by GSTP siRNA or LY294002 treatment. Additionally, male Wistar rats with lesions induced by 6-OHDA treatment in the right striatum, treatment with CA significantly reversed the reduction in GSTP protein expression that resulted from lesioning. We suggest that CA prevents 6-OHDA-induced apoptosis through an increase in GSTP expression via activation of the PI3K/Akt/NF-κB pathway. Therefore, CA may be a promising candidate for use in the prevention of Parkinson’s disease.
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INTRODUCTION
    Parkinson’s disease is a progressive neurodegenerative disorder characterized by the degeneration of dopaminergic neurons in the substantia nigra.1, 2 The mechanisms of dopaminergic neuron death in Parkinson’s disease are still unclear, although some studies have indicated that oxidative stress may play an important role. The causes of Parkinson’s disease are related to the formation of lipid peroxidation products, the depletion of reduced glutathione, and a deficit of mitochondrial complex I.3 Accumulating evidence supports that free radical scavenging or induction of antioxidant enzymes by bioactive plant compounds could protect dopaminergic neurons against oxidative damage.4-6

    Glutathione S-transferase (GST) catalyzes the conjugation of glutathione with a variety of electrophilic xenobiotics and facilitates their excretion. This enzyme also removes hydrogen peroxide and reduces the lipid hydroperoxides.7 The cytosolic GSTs in human tissues are divided into seven classes: A (alpha), M (mu), O (omega), P (pi), S (sigma), T (theta), and Z (zeta).8 The pi form of GST (GSTP) is highly expressed in glial cells and in dopaminergic neurons of the substantia nigra.9, 10 Studies in humans have shown that polymorphisms of GSTP may increase susceptibility to Parkinson’s disease after pesticide exposure.11 In mice, Castro-Caldas et al.12 suggested that GSTP knockout mice were more susceptible to the neurotoxic effect of 1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (MPTP) than were C57BL/6 wild type mice. In rat pheochromocytoma (PC12) cells, knockdown of GSTP expression exacerbates dopamine-induced apoptosis.13 By contrast, overexpression of GSTP in cultured cortical neuronal cells decreases rotenone-induced neurotoxicity and leads to reduced oxidative stress and endoplasmic reticulum stress.11 Thus, these results suggest that the neuroprotection of GSTP may provide a new approach to delay Parkinson’s disease progression.

The inducibility of GSTP is regulated by multiple factors, including activator protein-1 and nuclear factor-kappa B (NF-κB).14, 15 NF-κB plays important roles in regulating the expression of genes involved in a variety of cellular processes, including cell survival, differentiation, and inflammation.16 Recently, the NF-κB pathway has garnered much attention for its critical role in neuronal survival and protection from toxic insults.17, 18 For example, Maggirwar et al.19 suggested that nerve growth factor promotes the survival of sympathetic neurons by activating NF-κB. Furthermore, in mice lacking NF-κB, administration of the excitotoxin kainite causes hippocampal pyramidal neuron injury.20 The NF-κB family comprises five related members: RelA (p65), c-Rel, RelB, NF-κB1(p105)/p50, and NF-κB2 (p100)/p52.21 The NF-κB complex, which mainly consists of a p65/p50 heterodimer, is retained in the cytoplasm with inhibitory protein, IκB. In response to stimuli, the IκB kinase (IKK) complex phosphorylates IκB protein with subsequent degradation by 26S proteasome. The released NF-κB heterodimer translocates to the nucleus, where it regulates gene expression.21 Studies have suggested that the phosphatidylinositide 3-kinase (PI3K)/protein kinase (Akt) and mitogen-activated protein kinase (MAPK) signaling pathways are a common signal mediating NF-κB activity.22, 23 For example, Kim et al.23 indicated that metallothionein-III protects neuronal cells from hydrogen peroxide- and doxorubicin-induced neurotoxicity by activating NF-κB via the TrkA receptor tyrosine kinase/PI3K/Akt signaling pathway

Carnosic acid (CA) is a diterpene from rosemary (Rosmarinus officinalis) and it has been reported to possess diverse biological properties, including antioxidative, neuroprotective, and anticarcinogenic activity.24-26 However, the mechanisms of neuroprotection by CA are not fully understood. Evidence shows that CA attenuates dieldrin-induced cell death by enhancing brain-derived neurotrophic factor in SN4741 dopaminergic neuronal cells.27 Another study suggested that CA protects the brain and cortical neurons from middle cerebral artery occlusion/reperfusion injury and glutamate, respectively.26 Our previous study indicated that the prevention of 6-hydroxydopamine (6-OHDA)-induced oxidative stress and apoptosis by CA is related to glutathione synthesis in SH-SY5Y neuronal cells.28 We were interested in further examining whether the neuroprotection of CA is via an upregulation of GSTP expression and the possible signaling pathways involved. Therefore, in the present study, we examined the modulatory effect of CA on GSTP expression in SH-SY5Y cells. Moreover, we determined the signaling pathway involved in the neuroprotective effect of GSTP.











MATERIAL AND METHODS 
Materials. CA , 6-OHDA, sodium bicarbonate, sodium pyruvate, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Triton X-100, Tween 20, LY294002, and ethacrynic acid were purchased from Sigma Chemical Company (St. Louis, MO). DMEM, L-glutamine, nonessential amino acid, trypsin-EDTA, and penicillin-streptomycin solution were obtained from Gibco Laboratory (Gaithersburg, MD). Fetal bovine serum was purchased from Hyclone (Logan, UT). Glycine, acrylamide, and Tris were purchased from US Biological (Swampscott, MA). 

Animals and treatments. Male Wistar rats (approximately 6-8 weeks old) were used in this study and were purchased from BioLASCO Experimental Animal Center (Taipei, Taiwan). Rats were housed in a temperature-controlled room at 231℃with a 12-hour light/dark cycle. Animals were housed in groups of four animals per cage with free access to chow diet and water ad libitum. For the use of animals in the study, ethical approval was obtained from the Institutional Animal Care and Use Committee of China Medical University (protocol no. 97-140-N). The animals were acclimatized for seven days prior to study use. Rats were randomly divided into three groups. Group 1 was a sham group and received 2.5 μL of 0.5% ascorbic acid in saline (n=10). Group 2 was a lesion group and was treated with 6-OHDA (12.5 μg/2.5μL; 0.5% ascorbic acid in saline) in the right striatum (n=11). Group 3 was administered CA (20 mg/kg body weight orally) (n=11) three times each week for 3 weeks. CA was suspended in 0.5% carboxymethylcellulose sodium. 6-OHDA was administered as a single injection in the right striatum on day 22. The animals were sacrificed after 14 days of lesioning, and the striatum was quickly dissected out for the Western blot assay. 

Intrastriatal administration of 6-OHDA. The rats were anesthetized with Zoletil intraperitoneally. After the rats were anesthetized, the head of the rat was mounted in a stereotaxic apparatus frame. The skin was cut to expose the skull. The lesion coordinates used were as follows: anteroposterior (AP) = +1.5 mm; lateral (L) = -4 mm; dorsoventral (V) = -7.2 mm. 6-OHDA was dissolved in sterile 0.5% ascorbic acid at a concentration of 12.5 μg/2.5 μL and was administrated in the right striatum (1 μL/min). The needle was kept in place for an additional 1 min before being slowly retracted. As indicated above, the sham-operated rats received 2.5 μL of 0.5% ascorbic acid in saline. 

Cell culture and treatment. SH-SY5Y cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). The method is described in our previously study.28 The cells were maintained at 37℃in the incubator with a humidified atmosphere of 5% CO2 and were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM nonessential amino acid, 1.0 mM sodium pyruvate, 1×105 unit/L penicillin, and 100 mg/L streptomycin. For all studies, SH-SY5Y cells were seeded on 35-mm plastic tissue dishes (Corning, NY) at a density of 1.2×106 cells per dish and were treated once the cells reached 80% confluence. CA and 6-OHDA were dissolved in DMSO. Cells were pretreated with CA for 18 h followed by treatment with 100 μM 6-OHDA for 12 or 18 h. In the inhibition of kinase experiment, PI3K/Akt inhibitor (LY294002) at a concentration of 5 μM was added 1 h before CA treatment. The control cells were treated with 0.3% DMSO alone.

 Cell viability assay. SH-SY5Y cells were cultured with 1 μM of CA for 18 h and were then stimulated with 100 μM 6-OHDA for the indicated times. Cell viability was examined by using the MTT assay as previously described.28 Briefly, cells were washed with phosphate-buffered saline and cultured in MTT solution (5 mg/mL) at 37℃for 2 h. After the MTT solution was removed, the formazan product was dissolved in isopropanol. Absorbance was detected at 570 nm by use of a microplate reader (Bio Rad, Japan).

Western blot assay. The method was determined by our previously study.29 After treatment, cells were washed with cold phosphate-buffered saline and were then harvested in lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 0.5% Triton X-100, 10% glycerol, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 μg/mL leupeptin, 1 μg/mL aprotinin, and phosphatase inhibitor). Lysates were centrifuged at 14,000 ×g for 20 min at 4°C. Protein concentrations were measured with a Coomassie plus protein assay reagent kit (Pierce, Rockford, IL). Cell lysates were applied to 7.5-12.5% SDS-PAGE gels and 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. The blots were then incubated with primary antibodies against caspase 3, cleaved caspase 3, PARP, p38, Akt, phospho-p38, phospho-Akt, phospho-IKKα/β, or phospho-IκBα ( all purchased from Cell Signaling Technology, Beverly, MA); β-tubulin (purchased from Sigma Chemical Company, Louis, MO); JNK1, ERK1/2, phospho-JNK1, phospho-ERK1/2, IKKα/β, or IκBα (all from Santa Cruz Biotechnology, Santa Cruz, CA); GSTA and GSTM (purchased from Oxford Biomedical Research, Oxford, MI); GSTP (purchased from Transduction Laboratories, Lexington, KY); and p65 (purchased from BD Bioscience, San Jose, CA) overnight at 4°C and were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (all purchased from Perkin-Elmer life Sciences, Boston, MA) and rabbit anti-goat IgG (purchased from R&D Systems Inc., Minneapolis, MN). The bands were detected by using an enhanced chemiluminescence kit (purchased from Perkin Elmer Life Science, Boston, MA). 
	
Enzyme activity assay. The enzyme activity of GSTP was measured by using the conjugation of glutathione and ethacrynic acid as previously described.30 Briefly, the reaction mixture in a final volume of 1 mL contained 100 mM phosphate buffer, 1 mM glutathione, 20 mM ethacrynic acid, and an appropriate amount of the total protein. The ethacrynic acid conjugated form was measured at 270 nm. 

Transient transfection of small RNA interference (siRNA). In briefly, SH-SY5Y cells were transfected with nontargeting control small interfering RNA (siRNA) or human GSTP siRNA (50 nM) (all from MDBio, Taipei, Taiwan) by using the Dharma FECT siRNA transfection reagent according to the manufacturer’s protocol (Thermo Fisher Scientific) for 24 h. The sequence of the human GSTP siRNA was as follows: 5’-GCUGAUCCAUGAGGUCCUATT-3’. Twenty-four hours after transfection, the cells were pretreated with 1 μM CA and were then stimulated with 100 μM 6-OHDA for 12 or 18 h. The protein expression was examined by Western blot analysis, and the cell viability was determined by MTT assay.

Preparation of nuclear extract. Nuclear protein was prepared as previously described.28 SH-SY5Y cells were exposed to CA for the indicated times and were then washed in cold 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 mL 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℃.

Electromobility gel shift assay (EMSA). The EMSA method described by Tsai et al.29 was used to determine NF-κB nuclear protein-DNA binding activity. The LightShift Chemiluminescent EMSA kit (Pierce Chemical) and synthetic biotin-labeled double-stranded human GSTP NF-κB oligonucleotide (forward: 5’-TCTTAGGGAATTTCCCCCCGCGA-3’; reverse: 5’-TCGCGGGGGGAAATTCCCTAAGA-3’) were used to measure the effect of CA on NF-κB nuclear protein-DNA binding activity. Unlabeled double-stranded NF-κB (200 ng) was also used to confirm specific binding. Six micrograms of nuclear protein, poly(dI-dC), and biotin-labeled double-stranded human GSTP NF-κB oligonucleotide were mixed with the binding buffer to a final volume of 20 μL 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, United Kingdom). The membrane was incubated with streptavidin-horseradish peroxidase and the nuclear protein-DNA bands were developed by using an enhanced chemiluminescence kit.

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 Tukey’s test. A value of p < 0.05 was considered to be significant.


RESULTS
CA increased GSTP protein expression and enzyme activity. Both immunoblotting and enzyme activity results shown that CA dose-dependently increased the protein expression and enzyme activity of GSTP (Figure 1A and B). CA at 1 μM caused a 2.7- and a 1.5-fold increase in the GSTP protein level and enzyme activity compared with that in the control group, respectively (p < 0.05). However, CA had no significant effect on the protein level of GSTA or GSTM. 

CA activated the PI3K/Akt/NF-κB pathway. The p65 nuclear translocation was activated in cells treated with CA for 3 to 6 h (Figure 2A). Moreover, CA increased the phosphorylation of IKKα/β and IκBα and the degradation of IκBα at 3 h (p < 0.05) (Figure 2B). The MAPK and PI3K/Akt signaling pathways are upstream mediators of NF-κB.22, 23 Therefore, the activation of individual MAPK kinases and Akt at different time points was determined. These results showed that the phosphorylation of Akt was increased by CA up to 60 min (p < 0.05) (Figure 3). No difference in the phosphorylation of ERK, JNK, or p38 was detected during the time course. 

LY294002 suppressed CA-induced NF-κB activation and GSTP protein expression. To address the role of the PI3K/Akt pathway in CA-induced NF-κB activation and GSTP protein expression, LY294002 (a PI3K/Akt inhibitor) was used. Immunoblotting indicated that pretreatment with LY294002 inhibited the CA-induced nuclear translocation of p65; the phosphorylation of Akt, IKKα/β, and IκBα; and the protein expression of GSTP (Figure 4A). The EMSA results showed that CA increased the GSTP-NF-κB DNA binding activity; however, pretreatment with LY294002 reduced this effect. The specificity of the DNA-protein interaction for NF-κB was demonstrated by a competitive assay with 200-fold of unlabeled double-stranded oligonucleotide (cold) (Figure 4B). These results suggested that CA up-regulated the protein expression of GSTP and NF-κB activation through the PI3K/Akt pathway.

LY294002 or GSTP siRNA attenuated the neuroprotective effect of CA. LY294002 and GSTP siRNA were used to demonstrate that the Akt-GSTP pathway is crucial for the neuroprotective effect of CA. The immunoblotting results showed that CA suppressed the 6-OHDA-increased ratio of cleaved caspase 3 and caspase 3. This effect was reversed in cells treated with LY294002 (Figure 5A). Moreover, LY294002 reduced the ability of CA to reverse the inhibition of GSTP protein and cell viability by 6-OHDA (Figure 5A and B). To further confirm these observations, cells were transfected with GSTP siRNA. After transfection for 24 h, the induction of GSTP protein by CA was decreased (Figure 6A). As expected, GSTP siRNA reversed the ability of CA to suppress the 6-OHDA-induced ratio of cleaved caspase 3 and caspase 3 (Figure 6B). In addition, the ability of CA to ameliorate the reduction in GSTP protein expression and in cell viability induced by 6-OHDA was decreased in the presence of GSTP siRNA (Figure 6B and C). These results suggested that the Akt/GSTP pathway was required for the neuroprotective effect of CA.  

CA reversed 6-OHDA inhibition of GSTP protein expression in lesioned rats. The effects of CA on the expression of the GST family of proteins were further explored in rats with lesioning induced by 6-OHDA treatment in the right striatum. In the lesion group, the protein expression of GSTP was decreased in the striatum compared with that in the sham group. Conversely, pretreatment with CA reversed the reduction in GSTP protein induced by lesioning in the striatum. However, no effects on the protein expression of GSTA or GSTM were seen (Figure 7).
DISCUSSION
    Oxidative stress has been implicated in the development of Parkinson’s disease.31 Oxidative stress refers to the imbalanced redox equilibrium between the production of free radicals and the ability of cells to defend against them. In both in vivo and in vitro models of Parkinson’s disease, 6-OHDA has been widely used to cause reactive oxygen species generation and to induce apoptosis signaling, which leads to cell death. One feasible way to prevent free radical–caused cellular damage is to enhance oxidative defense capacity through the induction of antioxidant enzymes. For example, investigators have shown that sulforaphane can prevent 6-OHDA-induced cleavage of caspase 3 in SH-SY5Y cells by increasing the total GSH level and NAD(P)H:quinone oxidoreductase-1.32 In another study, the coffee diterpene kahweol was shown to induce heme oxygenase-1 to protect SH-SY5Y cells from 6-OHDA-stimulated reactive oxygen species generation, caspase 3 activation, and cell death.33 The methanolic extract of Hibiscus asper leaves can protect the rat temporal lobe from 6-OHDA-increased lipid peroxidation and DNA fragmentation by enhancing the activities of superoxide dismutase, glutathione peroxidase, catalase, and total glutathione content.34 Recently, several studies have reported that CA has neuroprotection capacity. CA and its metabolite (CA12-methyl ether) present in the brain after rats fed the rosemary extracts.35 Satoh et al.’s 26 research also indicated that CA is able to penetrate the blood-brain barrier and protects the brain against middle cerebral artery ischemia/reperfusion by increasing the glutathione level in mice. Furthermore, we previously suggested that CA protects SH-SY5Y cells from 6-OHDA-elicited apoptosis via mediation of the protein expression of the γ-glutamylcysteine ligase catalytic subunit and modifier subunit.28 In the present study, we further suggest that the attenuation of 6-OHDA-induced apoptosis by CA is associated with the protein expression of GSTP through the PI3K/Akt/NF-κB pathway.

     6-OHDA, a selective catecholaminergic neurotoxin, induces hydrogen peroxide and hydroxyl radicals via monoamine oxidase or auto-oxidation. GST is highly efficient in detoxification of the oxidized metabolites of catecholamines and provides protection by preventing degenerative cellular processes.36 For example, Shao et al.37 reported that lithium treatment inhibits hydrogen peroxide-elicited cell death and DNA fragmentation in primary cultured rat cerebral cortical cells via GSTM and GSTA. However, cells treated with the GST inhibitor ethacrynic acid showed a reduced neuroprotective effect of lithium. In mammals, GSTA, GSTM, and GSTP are expressed in the central nervous system.38, 39 Among the GSTs, GSTP is constitutively and predominantly expressed in dopaminergic neurons of the substantia nigra.39, 40 In the present study, we found that CA significantly induced the protein expression and enzyme activity of GSTP, but not that of GSTA and GSTM, in SH-SY5Y cells (Figure 1A and B). Moreover, the induction of GSTP by CA attenuated 6-OHDA-induced apoptosis and cell death (Fig. 5A and B).

In another study, overexpression of GSTP protected SH-SY5Y cells against leucine-rich repeat kinase 2 (LRRK2) mutant-induced apoptosis. However, knockdown of endogenous GSTP expression by use of short hairpin RNA exacerbated LRRK2 mutant-induced neurotoxicity.41 An animal study further indicated that GSTP knockout mice are more susceptible to the neurotoxic effects of MPTP in both the substantia nigra and the striatum than are wild-type mice.12 Moreover, the brain of GSTP knockout mice under MPTP treatment was more susceptible to ubiquitin-proteasome system impairment and oxidative stress than was the brain of wild-type mice.42 The present results showed that the protein expression of GSTP declined in the striatum of 6-OHDA-lesioned rats, but this suppression of GSTP protein was reversed in the presence of CA (Figure 7). However, when cells were treated with GSTP siRNA, the ability of CA to ameliorate the effects of 6-OHDA on GSTP protein and cell survival was reduced (Figure 6B and C). GSTP siRNA also reversed the ability of CA to suppress the ratio of cleaved caspase 3 and caspase 3 induced by 6-OHDA treatment (Figure 6B). These results suggest that GSTP may play a crucial role in the action of CA against 6-OHDA-induced neurotoxicity. GSTP protein participates in catalytic detoxification, chaperone function, reaction of protein S-glutathionylation, as well as regulation of nitric oxide and kinase signaling.43Among the properties, JNK signaling is regulated by GSTP.44 The report indicated that GSTP protects against hydrogen peroxide-caused cell death by controlling JNK activity.45 Furthermore, GSTP suppressed JNK activation through interaction with the C terminal.46 Therefore, GSTP serves as a JNK inhibitor and inhibits JNK-activated apoptosis signaling. Interesting, our previous study also showed that CA inhibits 6-OHDA-induced apoptosis and JNK activation. It is possible that the neuroprotection of CA is related to the inhibition of JNK activity by GSTP. Future study in this field is necessary.

    It has also been shown that the expression of GSTP is regulated by NF-κB.14 Activation of NF-κB is known to be associated with increases in neuronal cell survival. Lee et al.47 reported that overexpression of NF-κB in PC12 cells inhibits dopamine-induced DNA fragmentation and PARP degradation. By contrast, knockdown of the p50 subunit of NF-κB increases cell damage resulting from stimulation by the excitotoxin kainate in the hippocampal pyramidal neurons of mice.20 The NF-κB pathway is regulated by IKK complex. Activation of the IKK complex results in the phosphorylation, polyubiquitination, and subsequent degradation of IκB through the 26S proteasome.21 In SH-SY5Y cells, the mu-opioid receptor regulates neuronal survival through phosphorylation of IKK and activation of NF-κB.48 Kim et al.’s23 study also indicated that metallothionein-III promotes the phosphorylation and degradation of IκB, stimulation of NF-κB from the cytosol to the nucleus, and subsequently the reduction of hydrogen peroxide-induced neuro-2a cell death. Furthermore, NF-κB inhibitor attenuates the neuroprotective effect of metallothionein-III. Our data showed that CA treatment markedly increased the phosphorylation of IKKα/β and IκBα as well as the degradation of IκBα at 3 h (Figure 2B). Furthermore, CA induced translocation of NF-κB nuclear protein from 3 to 6 h (Figure 2A) and increased the NF-κB nuclear protein-DNA binding activity of the GSTP gene (Figure 4B). Thus, the neuroprotective effect of CA is likely associated with the expression of GSTP through the NF-κB signaling pathway in SH-SY5Y cells.  

Several studies have suggested that the ERK, JNK, and p38 kinase pathways are associated with the NF-κB pathway.23, 49, 50 Manecka et al.50 suggested that pituitary adenylate cyclase-activating polypeptide increases PC12 cell survival and neuritogenesis by activating NF-κB signaling and that the ERK pathway is involved in this activation. JNK induced the expression of anti-apoptosis gene cIAP-2 is mediated by the coordinated actions of Jun D and NF- κB.51 Jiang et al.’s 49 research also exerted that p38 signaling induces the mRNA level of Bcl-2 and Bcl-XL anti-apoptosis genes, and subsequently protects retinal cells from ischemia injury through the NF-κB pathway. However, in the present study, ERK, JNK, and p38 were not affected by CA treatment (Figure 3). In addition to MAPKs, NF-κB is also regulated by the PI3K/Akt pathway. Kim et al.23 showed that metallothionein-III reduces hydrogen peroxide– or doxorubicin–induced neuron cell death by activating NF-κB through the PI3K/Akt pathway. Mo et al.52 showed that intravitreal administration of 17β-estradiol protects rat retinal neurons from light-induced caspase 3 cleavage by activating the NF-κB pathway through the PI3K/Akt pathway and that LY294002 (a PI3K/Akt inhibitor) reversed these effects. Consistent with these findings, our results indicated that CA protects neuronal cells against 6-OHDA-induced neurotoxicity through the induction of GSTP expression and activation of the PI3K/Akt/NF-κB pathway (Figure 5A and B). Using a specific inhibitor of the PI3K/Akt pathway, we found that LY294002 inhibited CA-induced activation of Akt, phosphorylation of IKKα/β and IκBα, degradation of IκBα, increase in NF-κB nuclear translocation, and induction of NF-κB binding activity, which in turn down-regulated GSTP protein expression (Figure 4 A and B) and induced cell apoptosis in SH-SY5Y cells (Figure 5 A and B). This evidence indicates that the Akt signaling pathway is important in the activation of NF-κB-driven transcriptional activation of GSTP for neuroprotection by CA. In contrast, ERK, JNK, and p38 kinase are dispensable for the neuroprotective effect. 

In conclusion, CA prevents 6-OHDA-induced cell death through up-regulation of GSTP in SH-SY5Y cells. The PI3K/Akt/NF-κB pathway is likely related to the neuroprotective effect of CA. Therefore, CA might be a promising candidate for the prevention of Parkinson’s disease.
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Figure 1. CA induced the protein expression and enzyme activity of GSTP in SH-SY5Y cells. (A) Cells were treated with various concentration of CA for 18 h. GST family protein expression was determined by Western blotting. β-Tubulin was used as the loading control. (B) The enzyme activity of GSTP was measured by using ethacrynic acid as a substrate. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05. 

Figure 2. CA activated the NF-κB pathway. SH-SY5Y cells were incubated with 1 μM CA for the indicated times. The protein expression of nuclear p65 (A) and the phosphorylation and total expression of IKKα/β and IκBα protein (B) were determined by Western blotting. β-Tubulin and PARP were used as the loading controls. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05.

Figure 3. CA activated the PI3K/Akt pathway. SH-SY5Y cells were treated with 1 μM CA for 15, 30, or 60 min. The phosphorylation and total expression of Akt and MAPK proteins were determined by Western blotting. β-Tubulin was used as the loading control. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05.

Figure 4. LY294002 inhibited CA-stimulated NF-κB activation and GSTP protein expression. SH-SY5Y cells were treated with 1 μM CA for 3 h in the presence or absence of 5 μM LY294002 (LY), which cells were exposed to for 1 h before CA treatment. (A) Protein expression was determined by Western blotting. β-Tubulin and PARP were used as the loading controls. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05. (B) Nuclear protein was prepared to determine NF-κB binding activity of human GSTP by EMSA assay. Unlabeled double-stranded NF-κB (200 ng) was used to confirm specific binding. One representative experiment out of three independent experiments is shown.

Figure 5. LY294002 reduced the neuroprotective effect of CA. SH-SY5Y cells were treated with 1 μM CA for 18 h in the presence or absence of 5 μM LY294002 (LY) and were then cultured with 100 μM 6-OHDA for an additional 12 or 18 h. LY294002 was added to the cells for 1 h before CA treatment. (A) Protein expression was determined by Western blotting. β-Tubulin was used as the loading control. The ratio of cleaved caspase 3 and caspase 3 was calculated. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. (B) Cell viability was measured by MTT assay. The viability in control cells was set at 100%. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05. 

Figure 6. GSTP siRNA decreased the neuroprotective effect of CA. SH-SY5Y cells were transfected with 50 nM nontargeting control siRNA (si-control) or GSTP siRNA (si-GSTP) for 24 h. Cells were treated with 1 μM CA for 18 h and were then treated with 100 μM 6-OHDA for an additional 12 or 18 h. GSTP protein (A) and cleaved caspase 3, caspase 3, and GSTP proteins (B) were determined by Western blotting. β-Tubulin was used as the loading control. The ratio of cleaved caspase 3 and caspase 3 was calculated. The level in control cells was set at 1.0. One representative immunoblot out of three independent experiments is shown. (C) Cell viability was measured by MTT assay. The viability in control cells was set at 100%. Values are means±SD, n= 3. Means without a common letter differ, p < 0.05. 

Figure 7. Effect of CA on the protein expression of GSTP in 6-OHDA unilaterally lesioned rats. The level of GST family protein in the striatum was determined by Western blotting. β-Tubulin was used as the loading control. The level in control cells was set at 1.0. One representative immunoblot out of six independent experiments is shown. Values are means±SD of six independent experiments. Means without a common letter differ, p < 0.05. 
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