Carnosic acid protects against 6-hydroxydopamine-induced neurotoxicity in in vivo and in vitro model of Parkinson's disease: Involvement of antioxidative enzymes induction
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ABSTRACT
The neuroprotective effects of carnosic acid (CA), a phenolic diterpene isolated from rosemary (Rosmarinus officinalis), have been widely investigated in recent years, however, its protection in in vivo still unclear. In this study, we investigated the behavioral activity and neuroprotective effects of CA in a rat model of Parkinson’s 
disease (PD) induced by 6-hydroxydopamine (6-OHDA). Rats were treated with 20 mg/kg body weight of CA for 3 weeks before 6-OHDA exposure. Results indicated that CA improved the locomotor activity and reduced the apomorphine-caused rotation in 6-OHDA-stimulated rats. Significant protection against lipid peroxidation and GSH reduction was observed in the 6-OHDA rats pretreated with CA. Pretreatment with CA increased the protein expression of γ-glutamate-cysteine ligase catalytic subunit,
 γ-glutamate-cysteine ligase modifier subunit, superoxide dismutase, and glutathione reductase compared with 6-OHDA-stimulated rats and SH-SY5Y cells. Immunoblots showed that the reduction of the Bcl-2/Bax ratio, the induction of caspase 3 cleavage, and the induction of poly(ADP-ribose) polymerase (PARP) cleavage by 6-OHDA was reversed in the presence of SB203580 (a p38 inhibitor) or SP600125 (a JNK inhibitor) in SH-SY5Y cells. Rats treated with CA reversed the 6-OHDA-mediated the activation of c-Jun NH2-terminal kinase and p38, the down-regulation of the Bcl-2/Bax ratio, the up-regulation of cleaved caspase 3/caspase 3 and cleaved PARP/PARP ratio, and the down-regulation of tyrosine hydroxylase protein. However, BAM7, an activator of Bax, attenuated the effect of CA on apoptosis in SH-SY5Y cells. These results suggest that CA protected against 6-OHDA-induced neurotoxicity is attributable to its anti-apoptotic and anti-oxidative action. The present findings may help to clarify the possible mechanisms of rosemary in the neuroprotection of PD. 
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1. Introduction 
Parkinson’s disease (PD) is a neurodegenerative disorder that is caused by a loss of dopaminergic neurons in the substantia nigra. The clinical symptoms of PD are characterized by a combination of bradykinesia, resting tremor, rigidity, and postural instability [1]. The brain in PD is more susceptible to oxidative damage because it is rich in polyunsaturated fatty acids and has high oxygen utilization. Recent studies have suggested that oxidative stress is implicated in the dopaminergic neuronal cell death in PD [2]. Postmortem studies of PD patients reveal increased lipid peroxidation and DNA fragments along with decreased glutathione (GSH) levels in the substantia nigra [3, 4]. Excessive reactive oxidative stress (ROS) production and low antioxidant levels lead to cellular protein, lipid, and DNA injury and subsequent cellular apoptosis. Therefore, modulation of intracellular ROS may provide a new approach to the prevention and treatment of PD.
6-Hydroxydopamine (6-OHDA), a potent neurotoxin, is commonly used to generate PD models in vivo and in vitro. Studies have shown that injection of animals with 6-OHDA destroys nigral dopaminergic neurons, depletes the dopamine neurotransmitter, and increases motor impairment [5, 6]. Moreover, 6-OHDA is reported to cause caspase-3 activation and nuclear condensation in rat PC12 cells and human SH-SY5Y cells, which leads to typical apoptotic cell death [5, 7]. 6-OHDA causes PD pathogenesis process is related to the generation of excessive ROS. 6-OHDA generates lipid peroxidation, depletes the GSH content, and reduces superoxide dismutase (SOD) activity in the neuron [8]. GSH is a central antioxidant and redox modulator in neurons [9, 10]. GSH is also the co-substrate for several key cellular antioxidative enzymes, including GSH peroxidase (GPx) and GSH reductase (GSR). Many studies have indicated that GSH depletion leads to oxidative stress induction, mitochondrial complex I inhibition, ubiquitin-proteasome dysfunction, and ultimately neuronal cell death [11, 12]. 
Carnosic acid (CA) is a phenolic diterpene from rosemary (Rosmarinus officinalis). Studies have shown that CA inhibits the inflammation induced by phorbol 12-myristate 13-acetate through down-regulation of the mRNA expression of IL-1β and TNF-α in mouse ear [13]. Moreover, CA reduces lipid peroxidation [14] and protects red cells against oxidative hemolysis [15]. Hou et al. (2013) showed that CA protects neuronal cells from ischemia injury through the scavenging of ROS [16]. Additional studies have revealed that CA attenuates dieldrin-induced apoptotic molecules is associated with the 
production of brain-derived neurotrophic factor [17]. In our previous study, we indicated 
that CA prevents 6-OHDA-induced cell death in SH-SY5Y cells via mediation of glutathione synthesis and down-regulation of the c-Jun NH2-terminal kinase (JNK) and p38 signaling pathways [18]. Although CA is currently being investigated in the prevention of neurodegenerative disorders, no reported studies have described its neuroprotective role in a 6-OHDA rat model of PD. Therefore, in the present study, we further investigated the extent to which CA protects against oxidative stress and apoptosis in a rat model of PD induced by 6-OHDA.







2. Materials and methods 
2.1. Chemical 
CA was obtained from A. G. Scientific, Inc. (San Diego, CA). DMEM, penicillin-streptomycin, and trypsin-EDTA were obtained from Gibco Laboratory (Gaithersburg, MD). Fetal bovine serum was from Hyclone (Logan, UT). 6-OHDA, dimethyl sulfoxide (DMSO), triton X-100, Tween 20, β-tubulin, and β-actin were purchased from Sigma Chemical Company (St. Louis, MO). SP600125 and SB203580 were purchased from TOCRIS (Ellisville, MO). BAM7 was purchased from BioVision (Milpitas, CA). Caspase 3, cleaved caspase 3, poly(ADP)-ribose polymerase (PARP), cleaved PARP, Bcl-2, and Bax antibodies were from Cell Signaling Technology (Beverly, MA). γ-Glutamylcysteine ligase catalytic subunit (GCLC) was from Abcam (Cambridge, UK). γ-Glutamylcysteine ligase modifier subunit (GCLM), phospho-JNK, phospho-p38, JNK, p38 and tyrosine hydroxylase (TH) was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). GSR and SOD were purchased from GeneTex (San Antonio, TX). 

2.2. Animals and treatments
Male Wistar rats, 6 to 8 weeks old, were obtained from BioLASCO Experimental Animal Center (Taipei, Taiwan). The animals were maintained on 12 h light/12 h dark cycle and 50–70% humidity at 23±1 °C. Animals were housed in groups of four animals per cage with free access to food 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). After 1 week of acclimation, the animals were randomly divided into three groups: vehicle-treated sham-operated controls (sham, n=10), 6-OHDA-treated lesion group (lesion, n=11), and CA-treated 6-OHDA (CA+L, n=11) group. CA was dissolved in 0.5% sodium carboxy methyl cellulose. CA was given at a dose of 20 mg/kg body weight by oral intubation three times each week for 3 weeks before lesioning to rats. After CA pretreatment, 6-OHDA was administered as a single injection in the right striatum. On day 15 of lesioning, all rats were tested for rotational behavior and locomotor activity at room temperature in laboratory without any outside interference. On day 16 of lesioning, rats were anesthetized with carbon dioxide. The striatum and substantia nigra were dissected out quickly for the assays.

2.3. Intrastriatal administration of 6-OHDA
After 3 weeks of treatment with CA, all animals in the experimental group were anaesthetized with intraperitoneal injection of 50 mg/kg tiletamine/zolazepam (Zoletil50®; Virbac Lab., Carros, France). The rats were then placed on a double manipulator stereotaxic frame. The skin was cut to expose the skull. Lesion coordinates were as follows: Antero-posterior: + 1.5 mm, Lateral: - 4 mm, Dorso-ventral: -7.2 mm. All animals in the experimental group were lesioned by injecting 12.5 μg/2.5 μL 6-OHDA in 0.5% ascorbic acid-saline through the hole into the right striatum, whereas the sham-operated group received 2.5 μL of 0.5% ascorbic acid-saline. The injection rate was 1 μL/min and the needle was kept in place for an additional 1 min before being slowly retracted.

2.4. Apomorphine-induced rotation
The rats were tested for apomorphine-induced rotational behavior on day 15 of lesioning. The animals were given 0.25 mg/kg apomorphine (in 0.5% ascorbic acid-saline) subcutaneously to monitor contralateral rotations. The rotations towards the contra-lateral side were collected at 15 min intervals. The results were expressed in rotations/15 min.

2.5. Locomotor test
The locomotor test was monitored in a computerized TRU ScanTM photobeam sensor E63-12, which consists of a chamber (50×50×40 cm), an activity monitor, a programmer/processor, and a printer. The activity chamber was furnished with black paper to provide contrast on the screen. On day 15 of lesioning, rats were individually placed in the chamber and assessed for locomotor activity for 15 min each. The data were analyzed for the intervals (min), locomotion (s), rest (s), and distance travelled (cm). The activity chamber was swabbed with 70% alcohol before each use to avoid interference due to animal odors. Results were expressed in terms of activity/15 min. 

2.6. Tissue preparation
The animals were sacrificed by carbon dioxide on day 16 of lesioning and their brains were taken out quickly and kept on ice. The right striatum and substantia nigra were homogenized (10% w/v) in 0.1 M potassium phosphate buffer. The homogenate of striatum was then centrifuged at 15000 rpm for 30 min at 4 °C to obtain supernatant. 

2.7. Thiobarbituric acid–reactive substances (TBARS) assay
The method of Khuwaja et al. (2011) was modified for the estimation of lipid peroxidation [6]. The homogenate was pipetted out in glass tubes. Then, 5% trichloroacetic acid and 0.67% thiobarbituric acid (TBA) were added to each tube and mixed thoroughly after each addition. The mixture was centrifuged at 1000 ×g for 15 min. The supernatant was transferred to another glass tube and the tube was placed in a boiling water bath for 10 min. After the test tubes were cooled, the absorbance of the color was read at 535 nm using the molar extinction coefficient of 1.56 × 105 M−1 cm−1. The rate of lipid peroxidation was expressed as nmoL TBARS formed/mg protein.

2.8. Reduced glutathione 
The method of Ahmad et al. (2006) was modified for the estimation of reduced glutathione (GSH) content [19]. Homogenate was precipitated with 5% TCA. The mixture was centrifuged at 5000 ×g for 10 min, and then 100 μL supernatant was mixed with 200 μL 400 mM Tris and 20 μL 10 mM DTNB. The mixture was then mixed by vortexing for 5 min. The yellow color developed and was read immediately at 412 nm using the molar extinction coefficient of 13.6 × 103 M−1 cm−1. GSH was calculated in terms of nmol DTNB conjugate formed/mg protein. 

2.9. Cell culture and treatment
Human neuroblastoma SH-SY5Y cells were purchased from American Type Culture 
Collection (ATCC, Manassas, VA). Cells were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mmol/L L-glutamine, 0.1 mmol/L nonessential amino acids, 1 mmol/L sodium pyruvate, 1.5 g/L sodium bicarbonate, 1×105 unit/L penicillin, and 100 mg/L streptomycin at 37℃ under a humidified atmosphere of 95% air and 5% CO2. For all studies, cells between passages 7 and 10 were used. Cells were plated on 3.5-cm plastic tissue culture dishes (Corning, NY) at a density of 1.5×106 cells per dish. After 4 days, the dishes were reached 80% confluence. In inhibitor experiments, cells were pretreated with 10 μmol/L SP600125 (a JNK inhibitor) or SB203580 (a p38 inhibitor) for 1 h, and subsequently exposed with 100 μmol/L 6-OHDA for 18 h. Induction of apoptosis by BAM7 (a Bax activator) at a concentration of 5 µmol/L was initiated 1 h before CA treatment. SP600125, SB203580, CA and 6-OHDA were dissolved in DMSO. After treatment, cells were washed with cold phosphate-buffered saline and were then harvested in lysis buffer (25 mmol/L Tris-HCl, 150 mmol/L NaCl, 1% Triton X-100, 10% glycerol, 2 mmol/L EDTA, 1mmol/L PMSF, 1 μg/mL leupeptin, 1 μg/mL aprotinin, and phosphatase inhibitor). Lysates were centrifuged at 15,000 ×g for 20 min at 4℃. The Coomassie plus protein assay reagent kit (Pierce, Rockford, IL) was used to measure protein concentrations. Protein levels were determined by Western blotting.

2.10. Western blot analysis
Equal amounts of protein from each sample were applied to 7.5%, 10%, or 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℃ overnight with 50 g/L nonfat dry milk solution. The blots were then incubated with primary antibodies against caspase 3, cleaved caspase 3, PARP, cleaved PARP, Bcl-2, Bax, TH, β-actin, β-tubulin, GCLC, GCLM, SOD, phospho-JNK, phospho-p38, JNK, p38, and GR overnight at 4℃ and were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse IgG. The bands were detected by using an enhanced chemiluminescence kit (Perkin Elmer Life Science, Boston, MA).

2.11. Statistical analysis
Analyses were performed with commercially available software (SAS Institute Inc, Cary, NC). Statistical significance was determined by one-way ANOVA followed by Duncan’s test. The Tukey’s test was performed in inhibitor and activator experiments. Values of p＜0.05 were considered statistically significant.






















3. Results 
3.1. CA improves behavior performance in 6-OHDA-treated rats
The locomotor time (sham: 303±71; lesion: 215±59) and distance (sham: 5168±1624; lesion: 3201±915) in the 6-OHDA group were decreased (P<0.05; Fig. 1 A and B). Pretreatment of rats with CA increased the locomotor time and distance travelled compared with the 6-OHDA group. Moreover, 6-OHDA increased the apomorphine-induced numbers and time of rotation as compared with the control group. The CA-pretreated rats had decreased rotation compared with the 6-OHDA group (P<0.05; Fig. 1C and D).

3.2. Effect of CA on lipid peroxidation and glutathione reduction in 6-OHDA-treated rats
TBARS were increased in the substantia nigra of 6-OHDA-treated rats compared
with the control group. Pretreatment of rats with CA reduced the TBARS formed compared with the 6-OHDA group (lesion: 11.8±1.9; CA+L: 1.0±0.1) (P<0.05; Fig. 2A). GSH content in the 6-OHDA group was decreased compared with the control group (sham: 92.1±20.0; 6-OHDA: 48.4±16.9). This level was increased in the rats pretreated with CA (6-OHDA: 48.4±16.9; CA+L: 110.5±14.0) (P<0.05; Fig. 2B).

3.3. Effect of CA on the protein expression of antioxidant enzymes in 6-OHDA-treated rats and SH-SY5Y cells
The protein expressions of GCLC, GCLM, GSR, and SOD in the 6-OHDA group were decreased compared with the control group. Pretreatment of rats with CA increased the expression of these proteins compared with the 6-OHDA group (Fig. 3A). We further explored whether CA could reverse 6-OHDA-caused the reduction of antioxidant enzyme proteins in dopaminergic SH-SY5Ycells. Consistent with the change in rats, the protein expression of GCLC, GCLM, GR, and SOD was decreased in SH-SY5Y cells treated with 6-OHDA, however, pretreatment with CA reversed the effect (P<0.05; Fig. 3B). 

3.4. CA provided neuroprotection against 6-OHDA-induced apoptosis in rats is associated with the reduction of JNK and p38 signaling 
Our previous study revealed that CA suppressed the 6-OHDA-induced apoptosis of SH-SY5Y cells via inhibition of JNK and p38 signaling [18]. In this study, immunoblotting results also shown that cells treated with SP600125 (a JNK inhibitor) and SB203580 (a p38 inhibitor) reversed the 6-OHDA decreased the ratio of Bcl-2/Bax and elevated the ratio of cleaved caspase 3/caspase 3 and cleaved PARP/PARP (Fig. 4A). Consistent with the results in cells, we observed that rats treated with 6-OHDA increased the phosphorylation of JNK and p38 compared with the control group. Pretreatment with CA attenuated the activation (P<0.05; Fig. 4B). We then explored whether CA changed the protein expression of Bcl-2 (anti-apoptosis) and Bax (pro-apoptotic) in 6-OHDA-treated rats. The result found that the Bcl-2/Bax ratio was decreased in the 6-OHDA group compared with the control group. Pretreatment of rats with CA increased the ratio compared with the 6-OHDA group (P<0.05). Moreover, in the 6-OHDA group, the ratio of cleaved caspase 3/caspase 3 and cleaved PARP/PARP were increased. By contrast, the ratio was attenuated in the rats pretreated with CA. In addition to the apoptotic related proteins, the protein expression of TH was decreased in the 6-OHDA group compared with the control group; however, the protein expression of TH was increased in the 6-OHDA group pretreated with CA (P<0.05; Fig. 4C). 

3.5. BAM7 prevented the neuroprotection of CA by restoring the 6-OHDA-induced apoptosis in SH-SY5Y cells
    Our previous study indicated that CA decreased the ratio of cleaved caspase 3/caspase 3 and cleaved PARP/PARP in SH-SY5Y cells [18]. In this study, we further explored whether CA decreased the apoptosis is related to the modulation of Bcl-2/Bax ratio. Immunoblotting results shown that 6-OHDA decreased the ratio of Bcl-2/Bax in SH-SY5Y cells. Cells pretreated with CA attenuated the reduction of Bcl-2/Bax ratio induced by 6-OHDA (Fig. 5). BAM7 is a Bax activator, therefore, we used it to examine the Bcl-2 and Bax signaling is crucial for the suppression of apoptosis by CA [20]. As noted, in the absence of BAM7, the induction in the ratio of cleaved caspase 3/caspase 3 and cleaved PARP/PARP by 6-OHDA treatment was prevented in cells treated with CA. With BAM7 treatment, cells inhibited theinduction in the Bcl-2/Bax ratio induced by CA, and then decreased the ability of CA to suppress the 6-OHDA-induced apoptosis (P<0.05).










4. Discussion
6-OHDA is a hydroxylated analogue of dopamine that is commonly used to induce PD in animal models. The mechanisms of 6-OHDA-induced neurotoxicity are associated with oxidative stress, mitochondrial dysfunction, and apoptosis [5, 7]. In vivo studies have indicated that several phytochemicals have a protective effect on 6-OHDA induced neurotoxicity [6, 19]. Although CA is an excellent candidate for treatment of neurodegenerative disorders, most of the studies addressing the protective effect of CA have been performed in cell culture. In SN4741 cells, CA prevents dieldrin-induced cytotoxicity by enhancing brain-derived neurotrophic factor and repressing apoptotic molecules [17]. In our previous study, we also showed that CA decreased the neurotoxic effects of 6-OHDA in SH-SY5Y cells is associated with the synthesis of GSH, which in turn down-regulated the c-Jun NH2-terminal kinase (JNK) and p38 signaling pathways [18]. Consistent with the cellular results, in this in vivo study, we showed that CA not only improved the motor performance of rats but also inhibited the oxidative stress and apoptosis in 6-OHDA-induced neurotoxicity (Fig. 1 and 2). This protective function of CA is related to the induction of antioxidant enzymes and the inhibition of JNK and p38 pathways in rats (Fig. 3 and 4). We also found that SH-SY5Y cells pretreated with SB203580 (a p38 inhibitor) or SP600125 (a JNK inhibitor) reversed the apoptosis induced by 6-OHDA (Fig. 4A). Moreover, the prevention of 6-OHAD-induced apoptosis by CA was attenuated in cells treated with BAM7 (a Bax activator) in SH-SY5Y cells (Fig. 5). It is suggested that the neuroprotective effect of CA is involved with the upregulation of the Bcl2/Bax ratio. An understanding of the role of CA in counteracting the oxidative stress and apoptosis induced by 6-OHDA in rats and SH-SY5Y cells will help to clarify the possible mechanism of action of rosemary in neuroprotection.

Dopamine depletion, which causes locomotor deﬁcits, is important in the
pathogenesis of PD. TH is the rate-limiting enzyme in dopamine synthesis. Study has revealed that PD patients show a decrease in the protein content of TH in the substantia nigra and striatum [21]. In this study, locomotor activity and TH protein expression were declined in 6-OHDA rats, but CA administration reversed the effect. Therefore, CA ameliorates 6-OHDA-reduced TH protein level might have contributed to the improvement in locomotor activity. Moreover, in our study, 6-OHDA increased apomorphine-induced contralateral rotation, which is correlated with the magnitude of substantia nigra lesions [22]. Pretreatment with CA decreased the apomorphine-induced rotation and attenuated the degeneration of substantia nigra dopaminergic neurons induced by 6-OHDA in rats. Other studies have shown that pretreatment with alpha lipoic acid at a dose of 100 mg/kg significantly attenuates rotations, prevents the loss of substantia nigra pars compacta neurons, and lowers the levels of malondialdehyde [23]. In addition, magnolol reduces apomorphine-induced rotation and has protective neuronal activity against 6-OHDA-induced toxicity in a PD model [24].
Oxidative stress plays an important role in the development and progression of PD. The dopaminergic neurons are more susceptible to oxidative damage because of the auto-oxidation and enzymatic oxidation of dopamine [25]. Study has revealed that a lower GSH content is present in the substantia nigra of PD patients. The degree of PD severity is correlated with the GSH loss [26]. GSH is the major antioxidant and redox modulator that is present in neurons [9, 10] and plays an important role in protecting cells from the toxic effects of ROS and participates in detoxification [27, 28]. γ-Glutamylcysteine ligase (γ-GCL, also known as γ-glutamylcysteine synthetase) is the rate-limiting enzyme for GSH synthesis. The oxidized form of GSH (GSSG) can be recycled to the reduced form GSH by GR. Our results showed an elevated level of TBARS accompanied by a depleted GSH level and lowered protein expression of these antioxidant enzymes in 6-OHDA rats. However, pretreatment with CA rescued the 6-OHDA-induced neurotoxicity and attenuated ROS overproduction in rats by inducing these antioxidant enzymes. This result is supported by our previous study in which we showed that the protective effect of CA is associated with the induction of the GSH synthesis system in SH-SY5Y cells [18]. 
Studies have indicated that CA is the most abundant antioxidant found in the leaves of rosemary [29, 30]. The antioxidant activity of CA may be due to its derivatives and digestion products [31, 32]. CA is much more potent at protecting mouse HT22 neuronal cells against oxidative glutamate toxicity than is carnosol, and this could be attributed to the hydrophilic features of CA owing to its free carbonic acid and catechol hydroxyl moieties [33, 34]. Although the antioxidant capacity of CA was suggested in cellular and animal experiments, its toxicological profile in animals also needs to explore. An acute toxicity study reported that mice received with CA at a single-dose less than 3500 mg/ kg body weight for 14 days does not cause mice death; however, the lethal dose 50 of CA to mice is 7100 mg/ kg body weight. For the chronic toxicity study, the histopathological and blood analysis of rats had no difference in oral administration of CA (150 mg/kg body weight/day) for 30 day, compared with the control group. By contrast, rats supplemented with CA at a high dose of 600 mg/kg body weight/day cause the damage in liver and myocardial muscle [35]. Therefore, in the present of study, rats received with CA at a dose of 20 mg/kg body weight has relatively low toxicity.
Our previous study reported that SH-SY5Y cells treated with CA protected against the 6-OHDA-induced apoptosis via down-regulation of JNK and p38 [18]. In this study, cells treated with 6-OHDA increased the Bcl-2/Bax ratio and the cleavage of caspase 3 and PARP. Pretreatment with SB203580 and SP600125 reversed the effect. Moreover, in vivo model, the phosphorylation of JNK and p38 proteins was elevated in 6-OHDA-treated rats. Pretreatment with CA decreased the JNK and p38 protein activation as well as apoptosis induction by 6-OHDA in rats. Similarly, Lou et al. indicated that naringenin suppressed 6-OHDA-induced neurotoxicity through inhibition of JNK and p38 signaling [36]. 
Bax and Bcl-2 are major members of the Bcl-2 family of proteins. Bax, as a pro-apoptotic protein, influences mitochondrial membrane permeability by inducing cytochrome c release from the mitochondria into the cytosol and induces apoptosis. Bcl-2, as an anti-apoptotic protein, stabilizes membrane permeability, thus suppressing the release of cytochrome c and inhibiting apoptosis. The Bcl-2/Bax ratio is believed to be a better predictor of apoptosis than is the expression of either Bcl-2 or Bax alone [37]. In this study, pretreatment with CA reversed the reduction in the Bcl-2/Bax ratio induced by 6-OHDA. Cells pretreated with BAM7 decreased this effect, and then decreased the ability of CA to suppress the 6-OHDA-induced apoptosis. These results suggested that the neuroprotection of CA is associated with inhibition of the 6-OHDA-mediated the Bcl-2/Bax ratio reduction and apoptosis induction. Consistent with other studies, Mei et al. indicated that neurotrophic factor prevented the apoptosis of PC12 cells induced by 6-OHDA through upregulation of Bcl-2/Bax ratio and downregulation of caspase-3activity [38]. Luteolin protected PC12 cells against 6-OHDA-induced apoptosis via suppressing the induction of Bax, inhibiting the reduction of Bcl-2, and reducing the induction of Bax/Bcl-2 ratio [39]. However, O’Malley et al. suggested that 6-OHDA-induced neurotoxicity is not regulated by Bcl-2 in primary mice dopaminergic neurons cells [40]. It is possible that 6-OHDA might induce alternative cell death pathways in this model. Moreover, several confounding parameters, including the delivery, severity, or duration of 6-OHDA may also be one possible explanations.
In conclusion, CA had potential for neuroprotection both in vivo and in vitro. CA protected against 6-OHDA-induced neurotoxicity by inducing antioxidant enzymes and inhibiting cell apoptosis. The CA compound may be a candidate for protection against neurodegeneration in PD.
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Fig. 1. Carnosic acid (CA) ameliorated the locomotor activity and rotation in 6-hydroxydopamine (6-OHDA)-treated rats. (A) Locomotor time (sec), (B) Locomotor distance (cm), (C) Rotation number, and (D) Rotation time (sec). Values are means±SD of seven independent experiments. Groups not sharing a common letter differ significantly, P <0.05. Sham: vehicle-treated sham-operated controls, lesion: 6-OHDA-treated group, CA+L: CA-treated 6-OHDA group.

Fig. 2. Carnosic acid (CA) modulated the levels of TBARS (A) and GSH (B) in the 
substantia nigra of 6-hydroxydopamine (6-OHDA)-treated rats. Values are means±SD of 
seven independent experiments. Groups not sharing a common letter differ significantly, 
P <0.05. Sham: vehicle-treated sham-operated controls, lesion: 6-OHDA-treated group, 
CA+L: CA-treated 6-OHDA group.

Fig. 3. Carnosic acid (CA) increased the content of GCLC, GCLM, GSR, and SOD in the 
6-OHDA-treated rats and SH-SY5Y cells. (A) Proteins in striatum were determined 
by Western blotting. A representative image from pooled protein is shown. Values are 
means±SD of six independent experiments. Sham: vehicle-treated sham-operated 
controls, lesion: 6-OHDA-treated group, CA+L: CA-treated 6-OHDA 
group. (B) Cells were pretreated with 0.1% dimethylsulfoxide (DMSO) alone (－) or with 
1 μmol/L CA for 8 h and then with 100 μmol/L 6-OHDA for an additional 18 h. Proteins 
were determined by Western blotting. One representative immunoblot out of three 
independent experiments is shown. Normalization of Western blots was ensured by 
β-actin. Changes in protein expression were measured by densitometry. The level in 
control cells was regarded as 1.Groups not sharing a common letter differ significantly, P 
<0.05.

Fig. 4. Carnosic acid (CA) modulated the JNK, P38, apoptotic proteins, and TH in the
striatum of 6-hydroxydopamine (6-OHDA)-treated rats. (A) SH-SY5Ycells were pre-treated with 10 μmol/L SP600125 or SB203580 for 1 h, and then cells incubated with 0.3% dimethylsulfoxide (DMSO) alone (－) or 100 μmol/L 6-OHDA for an additional 18 h. Proteins expression was determined by Western blotting. One representative immunoblot out of three independent experiments is shown. (B) (C) Proteins expression in striatum was determined by Western blotting. The ratios of apoptotic protein were measured by densitometry. Normalization of Western blots was ensured by β-actin. The level in control cells was regarded as 1. Values are means±SD of six independent experiments. A representative image from pooled protein is shown. Groups not sharing a common letter differ significantly, P <0.05. Sham: vehicle-treated sham-operated controls, lesion: 6-OHDA-treated group, CA+L: CA-treated 6-OHDA group.
.
Fig. 5. Involvement of the Bcl-2/Bax ratio reduction in the neuroprotective effects of CA. 
Cells were pretreated with dimethylsulfoxide (DMSO) alone (－) or 1 μmol/L CA for 8 h 
followed by treatment with 100 μmol/L 6-OHDA for an additional 18 h. BAM7 was 
added to the cells for 1 h prior to CA treatment. Proteins were determined by Western 
blotting. The ratios of apoptotic protein were measured by densitometry. Normalization of 
Western blots was ensured by β-actin. The level in control cells was regarded as 1. One 
representative immunoblot out of three independent experiments is shown. Values are 
means±SD of three independent experiments. Groups not sharing a common letter differ 
significantly, P <0.05. 
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