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Abstract

:

The prevalence and incidence of Parkinson’s disease (PD), an age-related neurodegenerative disease, are higher among elderly people. Independent of etiology, dysfunction and loss of dopaminergic neurons are common pathophysiological changes in PD patients with impaired motor and non-motor function. Currently, preventive or therapeutic treatment for combating PD is limited. The ghrelin axis and ghrelin receptor have been implicated in the preservation of dopaminergic neurons and have potential implications in PD treatment. Teaghrelin, a compound originating from Chin-Shin Oolong tea, exhibits ghrelin agonist activity. In this study, the neuroprotective potential of teaghrelin against PD was explored in a cell model in which human neuroblastoma SH-SY5Y cells were treated with the mitochondrial toxin 1-methyl-4-phenylpyridinium (MPP+). Upon MPP+ exposure, SH-SY5Y cells exhibited decreased mitochondrial complex I activity and apoptotic cell death. Teaghrelin activated AMP-activated protein kinase (AMPK)/sirtuin 1(SIRT1)/peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α (PGC-1α) and extracellular signal–regulated kinases 1 and 2 (ERK1/2) pathways to antagonize MPP+-induced cell death. Herein, we propose that teaghrelin is a potential candidate for the therapeutic treatment of PD.
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1. Introduction


Parkinson’s disease (PD) is a progressive movement disorder resulting from the gradual loss of dopaminergic neurons in substantia nigra pars compacta (SNpc) projecting into the striatum; this connecting pathway is known as the nigrostriatal pathway. With the reduction of dopamine (DA) levels in the striatum, patients with PD exhibit motor and non-motor dysfunction, including rigidity, bradykinesia, and depression [1]. According to an epidemiologic study, PD mainly occurs in people over the age of 65 years, with an incidence rate of 1–2% [2]. Currently, the most common treatment for PD is levodopa, which effectively improves clinical symptoms. However, several motor complications of levodopa are challenging to treat [3,4]. Levodopa does not enable the recovery of losses in dopaminergic neurons and does not delay or protect against progression of the disease; thus, the development of new adjuvant therapies is crucial.



Ghrelin, a 28-amino-acid orexigenic peptide hormone, stimulates growth hormone secretion by binding to growth hormone secretagogue receptor 1a (GHS-R1a). Because both ghrelin and its receptor are widely expressed in multiple regions of the brain [5,6], ghrelin and its signaling play crucial roles in the development of many diseases, such as anorexia, muscle atrophy, cancer, and neurodegenerative diseases [7,8]. Moreover, a recent study reported that the ghrelin agonist HM01 effectively attenuated non-motor dysfunction in a PD rat model [9]. Thus, the diverse effects of GHS-R1a and ghrelin establish them as promising drug development targets [9,10].



In modern society, tea drinking is regarded as a healthy behavior. Tea contains abundant bioactive ingredients that have effects that contribute to the prevention and treatment of age-related diseases, such as cancers, heart diseases, and neurodegenerative diseases [11]. Additionally, the daily consumption of tea reduces the risk of age-related brain decline [12]. Teaghrelin (TG) is an acylated flavonoid tetraglycoside extracted from Chin-Shin Oolong tea, a widely planted tea cultivar in Taiwan. In other studies, we demonstrated the efficacy of teaghelin in enhancing growth hormone secretion from primary anterior pituitary cells, ameliorating muscle atrophy in C2C12 myoblast cells, and stimulating the appetite of rats [13,14]. Research involving molecular docking has also demonstrated sufficient binding and interaction between teaghrelin and GHS-R1a [15]. These results indicate a potential similarity in the biological functions of teaghrelin to those of ghrelin. In addition, research has demonstrated the neuroprotection ability of ghrelin in patients with PD [16,17]. MPP+ is a potent neurotoxin extensively used to model PD. In this study, we investigated whether teaghrelin possesses neuroprotective effects in an MPP+-induced cell model of PD and the possible mechanism underlying these effects.




2. Materials and Methods


2.1. Materials


Cells were cultured in MEM /F12 (1:1 mixture) supplemented with fetal bovine serum (FBS), sodium pyruvate, and penicillin/streptomycin (Gibco, Waltham, MA, USA). PGC-1α, and β-actin were purchased from Novus Biologicals (Littleton, CO, USA), and Merck Millipore (Danvers, MA, USA), respectively; other antibodies were purchased from Cell Signaling (Danvers, MA, USA). The acylated ghrelin (purity: >95%) was purchased from Karebay Biochem (Monmouth Junction, NJ, USA). All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.




2.2. Preparation of Teaghrelin


Teaghrelin was isolated from Chin-Shin Oolong tea purchased from local tea producers and was extracted following a previous elution method with modification [18]. In brief, the extraction of tea was performed through column chromatography using Diaion HP-20 gel (Merck Millipore, Burlington, MA, USA) eluted with a 25%, 50%, and 75% methanol aqueous solution. The 75% ethanol elution was collected and further purified on Sephadex LH-20 gel (Merck Millipore, Burlington, MA, USA) eluted with a 30%, and 60% methanol aqueous solution. Finally, the third fraction (60%) was collected and analyzed using high-performance liquid chromatography (Waters Corporation, Milford, MA, USA).




2.3. Cell Culture and Differentiation


The SH-SY5Y human neuroblastoma cell line was purchased from ATCC (Manassas, VA, USA). Cells were grown in MEM/F12 (1:1 mixture) supplemented with 10% FBS, 1 mM sodium pyruvate, 2.2 g/L sodium bicarbonate, and 1% penicillin/streptomycin in a 5% CO2 incubator at 37 °C. For inducing the differentiation of SH-SY5Y cells into dopaminergic cells, SH-SY5Y cells were cultured for 3 days in MEM/F12 medium containing 10 μM retinoic acid and 3% FBS, followed by culturing for a further 3 days with 80 nM phorbol 12-myristate 13-acetate in MEM/F12 medium containing 3% FBS. All media were supplemented with 1 mM sodium pyruvate, 2.2 g/L sodium bicarbonate, and 1% penicillin/streptomycin. Cells were maintained at 37 °C in a humidified atmosphere of 5% CO2.




2.4. Cell Viability Assay


Cell viability was determined through 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay (Biological Industries, Biological Industries, Cromwell CT, USA.) SH-SY5Y cells were grown in 48-well plates to a confluence of 1 × 104 cells/mL. They were then treated with or without MPP+ (1, 2, and 3 mM), teaghrelin (1, 10, and 100 μM), ghrelin (positive control, 1 μM), and [D-Arg(1),D-Phe(5),D-Trp(7,9),Leu(11)]-substance P (ghrelin receptor antagonist, 0.5 μM). The doses of ghrelin and MPP+ were the same as those used in previous studies [19,20], and teaghrelin was modified with ghrelin. After 24-h treatment, an XTT solution was added to the wells in accordance with manufacturer’s instruction, with incubation at 37 °C for 4 h. Absorbance was measured at 540 nm using a Multiskan GO Microplate Spectrophotometer (Thermo-Fisher Scientific, Waltham, MA, USA).




2.5. Immunofluorescence Staining


SH-SY5Y cells were seeded at 7 × 105 cells/mL and differentiated on poly-D-lysine/laminin–treated coverslips, which were placed in a 12-well plate. Cells were treated with or without ghrelin, teaghrelin, and MPP+ for 24 h. The next day, cells were washed with phosphate-buffered saline (PBS) three times and immediately fixed with 4% paraformaldehyde for 1 h at room temperature. After cells were permeabilized for 20 min in 0.3% Triton-100, they were blocked with 1% BSA for 1 h and incubated with primary antibody against TH at 4 °C overnight. The next day, cells were washed three times with PBS and then incubated at room temperature for 1 h with anti-rabbit IgG Alexa 488 secondary antibody. Coverslips were mounted with fluoroshield medium containing DAPI (Abcam, Cambridge, MA, USA), and cells were evaluated using a fluorescence microscope (IX71; Olympus, FL, USA).




2.6. Measurement of Mitochondrial Complex I Activity


After various treatments, mitochondrial complex I activity was measured using a Complex I Enzyme Activity Microplate Assay Kit (Abcam, Cambridge, MA, USA) in accordance with the manufacturer’s instructions.




2.7. Western Blotting


SH-SY5Y cells with various treatments were lysed in M-PER reagent (Thermo-Fisher Scientific, Waltham, MA, USA) and 1% phosphatase and protease inhibitor cocktails (Merck Millipore, Burlington, MA, USA). Cells were immediately harvested and centrifuged at 12,000 rpm for 15 min at 4 °C. The supernatants were collected, and the protein concentration was assessed using Bradford protein assay (Bio-Rad Laboratories, Irvine, CA, USA). Protein samples (50 μg) were resolved through 10% or 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were then transferred onto 0.22-μm polyvinylidene fluoride membranes (Merck Millipore, Burlington, MA, USA). After the membranes were immersed in BlockPRO™ blocking buffer (Energenesis Biomedical, Taipei, Taiwan) at room temperature for 1 h, they were incubated with primary antibodies, diluted with blocking buffer, against PINK1, cytochrome c, caspase-3, TH, AMPK, p-AMPK, SIRT1, PGC-1α, ERK1/2, p-ERK1/3, and β-actin overnight at 4 °C. The next day, the membranes were washed three times with PBS and then incubated with the corresponding secondary antibodies for 1 h at room temperature. After several washes with PBS proteins were detected using an enhanced chemiluminescence reagent (Thermo-Fisher Scientific, Waltham, MA, USA) with an imaging system and quantified using ImageJ software (National Institutes of Health, Stapleton, NY, USA).




2.8. Statistical Analysis


Data are presented as the mean ± standard deviation. All statistical analyses were performed using one-way analysis of variance followed by Duncan’s post hoc multiple comparison test. Statistics were calculated using SigmaPlot 12.0 software (Systat, Chicago, IL, USA), and p < 0.05 was considered statistically significant.





3. Results


3.1. Teaghrelin Attenuated MPP+-Induced Cytotoxicity


To determine the optimal dose for the experiment, SH-SY5Y cells were exposed to different concentrations of teaghrelin and MPP+ for 24 h, and cell viability was measured using 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay. As shown in Figure 1A, teaghrelin did not exert any significant effect on cell viability. This finding suggests that teaghrelin is safe to use and has no toxicity for SH-SY5Y cells. MPP+ is widely used as a PD-related neurotoxin. As shown in Figure 1B, MPP+ significantly reduced neural cell viability. The optimal dose was 3 mM MPP+, which reduced cell viability to 50–60%, and was thus used in subsequent experiments. To evaluate the protective effects of teaghrelin on MPP+-induced cell death, cells were treated with teaghrelin (1, 10, and 100  μ M) or ghrelin (1  μ M) in the presence or absence of MPP+ (3 mM) for 24 h. The results showed that teaghrelin of 10 and 100  μ M and ghrelin of 1  μ M significantly attenuated MPP+-induced cytotoxicity (Figure 1C). These findings suggest that teaghrelin exerts protective effects against MPP+-induced cytotoxicity.




3.2. Teaghrelin Alleviated Mitochondrial Dysfunction and Apoptosis in the MPP+-Induced SH-SY5Y Cell Model of PD


MPP+ has been widely used in PD models for the inhibition of mitochondrial complex I. Thus, in this study, we measured mitochondrial complex I activity in SH-SY5Y cells treated with MPP+ and with or without teaghrelin (100  μ M). As presented in Figure 2A, MPP+ significantly reduced the enzymatic activity of mitochondrial complex I, and the reduction was effectively reversed by teaghrelin. These results indicate that teaghrelin can alleviate MPP+-induced cytotoxicity by preserving mitochondrial complex I activity.



Phosphatase and tensin homologue-induced kinase 1 (PINK1) is a mitochondrial kinase affecting mitochondrial health, and it promotes cell survival. Growing evidence indicates that PINK1-mediated mitophagy is involved in the development of PD. When mitochondria are damaged, PINK1 accumulates on the outer mitochondrial membrane (OMM), leading to mitophagy for maintaining cell function. In this study, to further investigate whether teaghrelin exerts a neuroprotective effect by modulating PINK1-mediated mitophagy, PINK1 expression was measured using Western blotting. As shown in Figure 2B, MPP+ significantly increased PINK1 expression. However, in comparison with the MPP+ group, treatment with teaghrelin (100  μ M) or ghrelin (1  μ M) significantly reduced the expression of PINK1 in MPP+-induced cells. These observations indicate that teaghrelin can protect neuronal cells by alleviating MPP+-induced mitochondrial dysfunction.



Mitochondrial dysfunction due to MPP+ exposure may result in apoptosis and induce neuronal cell death. Once mitochondria are damaged, cytochrome c is released from mitochondria and activates the downstream effector caspase-3, which in turn mediates apoptosis. In this study, to confirm whether teaghrelin protects cells from apoptosis in the PD model, cytochrome c and caspase-3 levels were measured using Western blotting. Compared with the control, MPP+ reduced the procaspase-3 level but enhanced cytochrome c and cleaved caspase-3 levels. Furthermore, teaghrelin (100  μ M) significantly reduced the expression of cytochrome c and cleaved caspase-3 in the PD model (Figure 2C,D). Thus, teaghrelin treatment attenuated MPP+-induced apoptosis.




3.3. Teaghrelin Attenuated MPP+-Induced Loss of Tyrosine Hydroxylase Expression in SH-SY5Y Cells


PD is pathologically characterized by the loss of dopaminergic neurons and the depletion of DA in SNpc. Tyrosine hydroxylase (TH) is the rate-limiting enzyme in DA biosynthesis. Reduction of TH expression results in diminished DA synthesis and leads to PD. Thus, TH plays a vital role in the pathogenesis of PD. In this study, immunofluorescence was used to assess TH expression to investigate whether it is protected by teaghrelin in the PD cell model. Cell nuclei staining and TH assay revealed that MPP+ treatment reduced not only cell viability but also TH expression. However, cell viability and TH expression were increased in SH-SY5Y cells treated with teaghrelin and ghrelin compared with MPP+-induced cells without any treatment (Figure 3A).



To further determine whether teaghrelin directly affects TH expression in MPP+-induced SH-SY5Y cells, TH levels were measured using Western blotting. As shown in Figure 3B, TH expression was decreased in MPP+-induced SH-SY5Y cells compared with control cells. Teaghrelin or ghrelin alone did not have any effect on TH expression. In cells co-treated with MPP+, teaghrelin or ghrelin effectively recovered TH expression. Thus, we suggest that teaghrelin attenuates MPP+-induced loss of TH expression in SH-SY5Y cells.




3.4. Substance P Attenuated the Protective Effect of Teaghrelin on MPP+-Induced Neurotoxicity in SH-SY5Y Cells


As mentioned, teaghrelin could protect SH-SY5Y cells from MPP+-induced neurotoxicity. Next, we explored the possibly neuroprotective pathway of teaghrelin. Based on our previous findings from primary anterior pituitary cells and molecular docking [13,15], a potential similarity in the biological functions between teaghrelin and ghrelin is hypothesized. Thus, we speculate that teaghrelin alleviates MPP+-induced neurotoxicity partially through GHS-R1a pathway. Evidence indicates that undifferentiated SH-SY5Y cells express the GHS-R1a receptor [21] and differentiated SH-SY5Y cells express the G protein-coupled receptors (GPCRs) [22,23]. [D-Arg(1),D-Phe(5),D-Trp(7,9),Leu(11)]-substance P (SP analog) is a relatively broad-spectrum antagonist of GPCRs [24], and a ghrelin antagonist [25]. Thus, we blocked the ghrelin receptor using SP analog (0.5 μM); the dose was the same as that used in previous studies [13,26]. Cells were pretreated with the GHS-R1a antagonist SP analog for 30 min and were then incubated in Minimum Essential Medium (MEM)/Ham’s F-12 Nutrient Mixture (F12) with teaghrelin (100 μM) or MPP+ (3 mM) for 24 h. When ghrelin receptors were blocked by the antagonist, cell survival decreased. However, with MPP+ and teaghrelin cotreatment without the ghrelin antagonist, teaghrelin could protect cells from MPP+-induced cytotoxicity (Figure 4). This result suggests that teaghrelin alleviates MPP+-induced neurotoxicity possibly through the ghrelin receptor or GPCRs.



In the MPP+-induced PD model, mitochondrial complex I activity was inhibited, and apoptosis subsequently occurred. To investigate whether teaghrelin attenuates MPP+-induced mitochondrial dysfunction through GHS-R1a or GPCRs, we measured mitochondrial complex I activity and PINK1 expression in SH-SY5Y cells treated with MPP+ and teaghrelin with or without the substance P. As shown in Figure 5A, mitochondrial complex I activity was dramatically decreased after MPP+ treatment. However, teaghrelin treatment with or without the substance P attenuated the effect of MPP+ and prevented a reduction in complex I activity. By contrast, PINK1 expression increased after MPP+ treatment. Teaghrelin treatment with or without the substance P alleviated the effect of MPP+ and prevented the enhancement of PINK1 expression (Figure 5B). These results suggest that teaghrelin attenuates MPP+-induced mitochondrial dysfunction but possibly not through the ghrelin receptor or GPCRs.



In addition to improving mitochondrial function, reduction of apoptosis is another mechanism of neuroprotection. One study showed that ghrelin activated ERK1/2 against MPP+-induced apoptosis [27]. In the present study, to further evaluate whether the anti-apoptotic effects of teaghrelin are mediated through the activation of the ERK1/2 pathway, the PD cell model was incubated with the substance P. As shown in Figure 6, ERK1/2 phosphorylation dramatically decreased, and cytochrome c and cleaved caspase-3 levels significantly increased after MPP+ treatment. Teaghrelin improved the effect of MPP+, but teaghrelin and substance P treatment mitigated the protective effect of teaghrelin. These results suggested that teaghrelin attenuates MPP+-induced apoptosis through activation of the GHS-R1a or GPCRs mediated ERK1/2 pathway.



Ghrelin can promote mitochondrial biogenesis by activating the AMPK/SIRT1/PGC1-α pathway, depending on its ability to bind to GHS-R1a [28]. In this study, to further confirm whether the protective effect of teaghrelin in the PD cell model was mediated through activation of the AMPK/SIRT1/PGC1-α pathway, SH-SY5Y cells were incubated with the substance P. As shown in Figure 7, AMPK phosphorylation, SIRT1 expression, and PGC1-  α   expression were significantly decreased after MPP+ treatment. Teaghrelin attenuated the effect of MPP+, but teaghrelin and substance P treatment blocked the protective effect of teaghrelin. These findings suggest that teaghrelin can activate the AMPK/SIRT1/PGC1-α pathway through the ghrelin receptor or GPCRs.





4. Discussion


The cause of PD remains unclear, and PD is difficult to diagnose accurately. In general, at the onset of PD symptoms, approximately 30% of DA neurons are lost [29]. Currently, various therapeutic strategies for PD focus on DA replacement [1]. Another therapeutic strategy is neuroprotection, which involves protection against dopaminergic neuron death and loss. A previous study found that levels of GHS-R1a, the only functional ghrelin receptor, were dramatically decreased in PD-specific induced pluripotent stem cell-derived dopaminergic neurons [30]. A recent study also showed that the ghrelin agonist effectively attenuated non-motor dysfunction in a PD rat model [9]. Therefore, the ghrelin axis and ghrelin receptor have been suggested to be involved in the preservation of dopaminergic neurons, with potential implications in PD treatment. Teaghrelin, a compound extracted from Chin-Shin Oolong tea, exhibits ghrelin agonist activity. The results of the present study demonstrate that teaghrelin treatment reduced mitochondrial damage and apoptotic cell death caused by MPP+ exposure in SH-SY5Y cells, as evidenced by enhanced cell viability and TH expression; the treatment also attenuated complex I activity and PINK1 expression and inhibited cytochrome c release and caspase-3 activity. A previous study showed that ghrelin promoted mitochondrial biogenesis and inhibited apoptosis by activating AMPK/SIRT1/PGC1-α and ERK1/2 pathways, respectively. Expression levels of SIRT1 and PGC1-α and phosphorylation levels of AMPK and ERK1/2 were significantly reduced after MPP+ exposure, and treatment of cells with teaghrelin significantly prevented MPP+-induced reduction in expression and phosphorylation. However, the protective effects of teaghrelin against MPP+-induced neurotoxicity were blocked by substance P, a relatively broad-spectrum antagonist of GPCRs and a ghrelin antagonist, through the activation of AMPK/SIRT1/PGC-1α and ERK1/2 pathways. The current findings reveal that teaghrelin can be developed into a functional food, with the aim of preventing and treating PD.



Many studies have proposed that mitochondrial dysfunction has an integral role in the development of PD [31]. MPP+ specifically interferes with mitochondrial complex I activity and has been shown to induce mitochondrial dysfunction, causing electron transport chain activity deficiency and increasing mitophagy and apoptosis in the substantia nigra [32,33]. A previous study showed that ghrelin promotes cell survival by improving mitochondrial dysfunction [34]. In the present study, MPP+ treatment significantly reduced mitochondrial complex I activity. However, teaghrelin treatment with or without the substance P attenuated the effect of MPP+ and prevented a reduction in complex I activity. The expression of PINK1, a PD-associated protein involved in mitochondrial quality control, is increased in cases of mitochondrial dysfunction. In healthy mitochondria, PINK1 can be imported into the mitochondria inner membrane and then cleaved by presenilins-associated rhomboid-like protein. Dysfunctional mitochondria fail to degrade PINK1; thus, PINK1 is accumulated on the OMM. Thereafter, PINK1 recruits parkin to activate downstream signaling, and mitophagy is initiated for maintaining cell function [35]. In the present study, we found that PINK1 expression was increased after MPP+ treatment. Teaghrelin treatment with or without the substance P alleviated the effect of MPP+ and prevented the enhancement of PINK1 expression. Taken together, these results suggest that teaghrelin can attenuate mitochondrial complex I deficiency through another unknown pathway instead of binding to the ghrelin receptor or GPCRs. It has been reported that the effects of ghrelin on neural cells are mainly dependent of GHS-R1a receptor [36]. Because undifferentiated SH-SY5Y cells express the functional GHS-R1a receptor [21] and differentiated SH-SY5Y cells express the G protein-coupled receptors (GPCRs) [22,23], the actions of teaghrelin on MPP+-induced mitochondrial dysfunction may be mediated by an off-target effect. Teaghrelin (TG) is an acylated flavonoid tetraglycoside extracted from Chin-Shin Oolong tea. Some previous studies showed that flavonoids had many benefits in neuroprotection through other receptors, ion channel, tyrosine kinase receptor [37]. However, the exact mechanisms and discrepancy should be verified by additional investigations.



In general, apoptosis is initiated after mitochondrial damage; this causes the release of cytochrome c and activation of caspase-3. In this study, we demonstrated that teaghrelin effectively alleviates MPP+-induced SH-SY5Y cell apoptosis. A previous study reported that ghrelin activated ERK1/2 against MPP+-induced apoptosis [16]. In the present study, ERK1/2 phosphorylation dramatically decreased, and cytochrome c and cleaved caspase-3 levels significantly increased after MPP+ treatment. Teaghrelin improved the effect of MPP+, but teaghrelin treatment with substance P mitigated the protective effect of teaghrelin. These results suggest that teaghrelin attenuates MPP+-induced apoptosis through activation of the GHS-R1a/GPCRs–ERK1/2 pathway.



Mitochondria biogenesis is a key process in the maintenance of mitochondrial mass and facilitates the replacement of damaged mitochondria for the preservation of mitochondrial function [31]. PGC-1α is a central regulator of mitochondrial biogenesis through AMPK/SIRT1 activity [28]. Increasing AMPK activity has been regarded as a therapeutic strategy for PD, which could prevent neuronal cell loss in the MPP+-induced PD model. Activation of the AMPK pathway could stimulate SIRT1 to deacetylate PGC-1α, subsequently facilitating mitochondrial biogenesis [31]. In the MPP+-induced PD model in this study, only teaghrelin treatment without substance P activated the AMPK/SIRT1/PGC-1α pathway. Similar to the effect of ghrelin, our results indicate that teaghrelin plays a crucial role in replacing damaged mitochondria by increase mitochondria biogenesis.



To date, research has revealed that the loss of DA in the striatum is the main cause of abnormal motor function in PD. The key part of DA biosynthesis is the rate-limiting step involving the formation of L-DOPA, which is a precursor molecule of DA, controlled by TH. In addition to the loss of DA, TH deficiency is thought to be a hallmark of PD [38]. However, decreased levels of DA, resulting from TH deficiency, do not play a direct role in cell survival [39]. In a PD mouse model, DA concentration and TH expression in the striatum were reported to be increased by ghrelin [40]. In the present study, the immunoflouresence results showed that MPP+ treatment significantly induced cell death. With teaghrelin treatment in the MPP+ group, cell counts and TH activity significantly increased. Furthermore, the quantification of TH activity through Western blotting indicated that teaghrelin restored the loss in TH activity.



We previously demonstrated that teaghrelin, a ghrelin analog extracted from Chin-Shin Oolong tea, effectively prevents muscle atrophy [28]. In the present study, we found that teaghrelin activated the AMPK/SIRT1/PGC-1α and ERK1/2 pathways to antagonize MPP+-induced cell death. In conclusion, teaghrelin is a potential candidate for the therapeutic treatment of PD.







Author Contributions


Conceptualization, C.-F.J., S.-K.H., and W.-Y.C.; methodology, C.-F.J., S.-K.H., W.-Y.C., and C.-J.C.; formal analysis C.-F.J., S.-K.H., W.-Y.C.; investigation, C.-F.J., and W.-Y.C.; data curation, C.-F.J., and W.-Y.C.; writing—original draft preparation, C.-F.J., and W.-Y.C.; writing-review and editing, C.-F.J., C.-J.C., W.-Y.C. and J.T.C.T.; visualizations, C.-J.C.; supervision, C.-F.J., S.-K.H., W.-Y.C., and J.T.C.T.; project administration, C.-F.J., and W.-Y.C.; funding acquisition, J.T.C.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The work was supported by a grant from the Ministry of Science and Technology, Taiwan (MOST 109-2313-B-005-024-).




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson disease. Nat. Rev. Dis. Prim. 2017, 3, 17013. [Google Scholar] [CrossRef]

	



Alves, G.; Forsaa, E.B.; Pedersen, K.F.; Dreetz Gjerstad, M.; Larsen, J.P. Epidemiology of Parkinson’s disease. J. Neurol. 2008, 255, 18–32. [Google Scholar] [CrossRef]

	



Thanvi, B.R.; Lo, T.C.N. Long term motor complications of levodopa: Clinical features, mechanisms, and management strategies. Postgrad. Med. J. 2004, 80, 452–458. [Google Scholar] [CrossRef] [PubMed]

	



Freitas, M.E.; Hess, C.W.; Fox, S.H. Motor Complications of Dopaminergic Medications in Parkinson’s Disease. Semin. Neurol. 2017, 37, 147–157. [Google Scholar] [CrossRef] [PubMed]

	



Guan, X.M.; Yu, H.; Palyha, O.C.; McKee, K.K.; Feighner, S.D.; Sirinathsinghji, D.J.; Smith, R.G.; Van der Ploeg, L.H.; Howard, A.D. Distribution of mRNA encoding the growth hormone secretagogue receptor in brain and peripheral tissues. Brain Res. Mol. Brain Res. 1997, 48, 23–29. [Google Scholar] [CrossRef]

	



Zigman, J.M.; Jones, J.E.; Lee, C.E.; Saper, C.B.; Elmquist, J.K. Expression of ghrelin receptor mRNA in the rat and the mouse brain. J. Comp. Neurol. 2006, 494, 528–548. [Google Scholar] [CrossRef]

	



Shi, L.; Du, X.; Jiang, H.; Xie, J. Ghrelin and Neurodegenerative Disorders-a Review. Mol. Neurobiol. 2017, 54, 1144–1155. [Google Scholar] [CrossRef] [PubMed]

	



Collden, G.; Tschop, M.H.; Muller, T.D. Therapeutic Potential of Targeting the Ghrelin Pathway. Int. J. Mol. Sci. 2017, 18, 798. [Google Scholar] [CrossRef]

	



Minalyan, A.; Gabrielyan, L.; Pietra, C.; Taché, Y.; Wang, L. Multiple Beneficial Effects of Ghrelin Agonist, HM01 on Homeostasis Alterations in 6-Hydroxydopamine Model of Parkinson’s Disease in Male Rats. Front. Integr. Neurosci. 2019, 13, 13. [Google Scholar] [CrossRef]

	



Rhodes, L.; Zollers, B.; Wofford, J.A.; Heinen, E. Capromorelin: A ghrelin receptor agonist and novel therapy for stimulation of appetite in dogs. Vet. Med. Sci. 2017, 4, 3–16. [Google Scholar] [CrossRef]

	



Dou, Q.P. Tea in Health and Disease. Nutrients 2019, 11, 929. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Romero-Garcia, R.; Suckling, J.; Feng, L. Habitual tea drinking modulates brain efficiency: Evidence from brain connectivity evaluation. Aging 2019, 11, 3876–3890. [Google Scholar] [CrossRef] [PubMed]

	



Lo, Y.H.; Chen, Y.J.; Chang, C.I.; Lin, Y.W.; Chen, C.Y.; Lee, M.R.; Lee, V.S.; Tzen, J.T. Teaghrelins, unique acylated flavonoid tetraglycosides in Chin-shin oolong tea, are putative oral agonists of the ghrelin receptor. J. Agric. Food Chem. 2014, 62, 5085–5091. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.K.; Lin, H.Y.; Chen, C.J.; Jhuo, C.F.; Liao, K.Y.; Chen, W.Y.; Tzen, J.T.C. Promotion of myotube differentiation and attenuation of muscle atrophy in murine C2C12 myoblast cells treated with teaghrelin. Chem. Biol. Interact. 2019, 315, 108893. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.K.; Lo, Y.H.; Wu, C.C.; Chung, T.Y.; Tzen, J.T.C. Identification of biosynthetic intermediates of teaghrelins and teaghrelin-like compounds in oolong teas, and their molecular docking to the ghrelin receptor. J. Food Drug Anal. 2015, 23, 660–670. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, A.H.; Rees, D.J.; Andrews, Z.B.; Davies, J.S. Ghrelin mediated neuroprotection—A possible therapy for Parkinson’s disease? Neuropharmacology 2018, 136, 317–326. [Google Scholar] [CrossRef] [PubMed]

	



Bayliss, J.A.; Andrews, Z.B. Ghrelin is neuroprotective in Parkinson’s disease: Molecular mechanisms of metabolic neuroprotection. Ther. Adv. Endocrinol. Metab. 2013, 4, 25–36. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.C.; Wu, C.J.; Lin, Y.C.; Wu, R.H.; Chen, W.Y.; Kuo, P.C.; Tzen, J.T.C. Identification of two teaghrelins in Shy-jih-chuen oolong tea. J. Food Biochem. 2019, 43, e12810. [Google Scholar] [CrossRef]

	



Cecarini, V.; Bonfili, L.; Cuccioloni, M.; Keller, J.N.; Bruce-Keller, A.J.; Eleuteri, A.M. Effects of Ghrelin on the Proteolytic Pathways of Alzheimer’s Disease Neuronal Cells. Mol. Neurobiol. 2016, 53, 3168–3178. [Google Scholar] [CrossRef]

	



Zhang, Z.-G.; Wu, L.; Wang, J.-L.; Yang, J.-D.; Zhang, J.; Zhang, J.; Li, L.-H.; Xia, Y.; Yao, L.-B.; Qin, H.-Z.; et al. Astragaloside IV prevents MPP⁺-induced SH-SY5Y cell death via the inhibition of Bax-mediated pathways and ROS production. Mol. Cell. Biochem. 2012, 364, 209–216. [Google Scholar] [CrossRef]

	



Popelová, A.; Kákonová, A.; Hrubá, L.; Kuneš, J.; Maletínská, L.; Železná, B. Potential neuroprotective and anti-apoptotic properties of a long-lasting stable analog of ghrelin: An in vitro study using SH-SY5Y cells. Physiol. Res. 2018, 67, 339–346. [Google Scholar] [CrossRef] [PubMed]

	



Korecka, J.A.; van Kesteren, R.E.; Blaas, E.; Spitzer, S.O.; Kamstra, J.H.; Smit, A.B.; Swaab, D.F.; Verhaagen, J.; Bossers, K. Phenotypic characterization of retinoic acid differentiated SH-SY5Y cells by transcriptional profiling. PLoS ONE 2013, 8, e63862. [Google Scholar] [CrossRef] [PubMed]

	



Monaghan, T.K.; Mackenzie, C.J.; Plevin, R.; Lutz, E.M. PACAP-38 induces neuronal differentiation of human SH-SY5Y neuroblastoma cells via cAMP-mediated activation of ERK and p38 MAP kinases. J. Neurochem. 2008, 104, 74–88. [Google Scholar] [CrossRef] [PubMed]

	



Jarpe, M.B.; Knall, C.; Mitchell, F.M.; Buhl, A.M.; Duzic, E.; Johnson, G.L. [D-Arg1,D-Phe5,D-Trp7,9,Leu11]Substance P acts as a biased agonist toward neuropeptide and chemokine receptors. J. Biol. Chem. 1998, 273, 3097–3104. [Google Scholar] [CrossRef] [PubMed]

	



Holst, B.; Cygankiewicz, A.; Jensen, T.H.; Ankersen, M.; Schwartz, T.W. High constitutive signaling of the ghrelin receptor—Identification of a potent inverse agonist. Mol. Endocrinol. 2003, 17, 2201–2210. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, S.K.; Chung, T.Y.; Li, Y.C.; Lo, Y.H.; Lin, N.H.; Kuo, P.C.; Chen, W.Y.; Tzen, J.T. Ginkgoghrelins, unique acylated flavonoid diglycosides in Folium Ginkgo, stimulate growth hormone secretion via activation of the ghrelin receptor. J. Ethnopharmacol. 2016, 193, 237–247. [Google Scholar] [CrossRef]

	



Frago, L.M.; Baquedano, E.; Argente, J.; Chowen, J.A. Neuroprotective actions of ghrelin and growth hormone secretagogues. Front. Mol. Neurosci. 2011, 4, 23. [Google Scholar] [CrossRef]

	



Huang, J.; Liu, W.; Doycheva, D.M.; Gamdzyk, M.; Lu, W.; Tang, J.; Zhang, J.H. Ghrelin attenuates oxidative stress and neuronal apoptosis via GHSR-1α/AMPK/Sirt1/PGC-1α/UCP2 pathway in a rat model of neonatal HIE. Free Radic. Biol. Med. 2019, 141, 322–337. [Google Scholar] [CrossRef]

	



Cheng, H.C.; Ulane, C.M.; Burke, R.E. Clinical progression in Parkinson disease and the neurobiology of axons. Ann. Neurol. 2010, 67, 715–725. [Google Scholar] [CrossRef]

	



Suda, Y.; Kuzumaki, N.; Sone, T.; Narita, M.; Tanaka, K.; Hamada, Y.; Iwasawa, C.; Shibasaki, M.; Maekawa, A.; Matsuo, M.; et al. Down-regulation of ghrelin receptors on dopaminergic neurons in the substantia nigra contributes to Parkinson’s disease-like motor dysfunction. Mol. Brain 2018, 11, 6. [Google Scholar] [CrossRef]

	



Chen, C.; Turnbull, D.M.; Reeve, A.K. Mitochondrial Dysfunction in Parkinson’s Disease-Cause or Consequence? Biology 2019, 8, 38. [Google Scholar] [CrossRef] [PubMed]

	



Cassarino, D.S.; Parks, J.K.; Parker, W.D.; Bennett, J.P. The parkinsonian neurotoxin MPP+ opens the mitochondrial permeability transition pore and releases cytochrome c in isolated mitochondria via an oxidative mechanism. Biochim. Biophys. Acta 1999, 1453, 49–62. [Google Scholar] [CrossRef]

	



Subramaniam, S.R.; Chesselet, M.-F. Mitochondrial dysfunction and oxidative stress in Parkinson’s disease. Prog. Neurobiol. 2013, 106–107, 17–32. [Google Scholar] [CrossRef] [PubMed]

	



Dong, J.; Song, N.; Xie, J.; Jiang, H. Ghrelin antagonized 1-methyl-4-phenylpyridinium (MPP(+))-induced apoptosis in MES23.5 cells. J. Mol. Neurosci. 2009, 37, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Pickrell, A.M.; Youle, R.J. The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson’s disease. Neuron 2015, 85, 257–273. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, H.; Li, L.J.; Wang, J.; Xie, J.X. Ghrelin antagonizes MPTP-induced neurotoxicity to the dopaminergic neurons in mouse substantia nigra. Exp. Neurol. 2008, 212, 532–537. [Google Scholar] [CrossRef]

	



Ayaz, M.; Sadiq, A.; Junaid, M.; Ullah, F.; Ovais, M.; Ullah, I.; Ahmed, J.; Shahid, M. Flavonoids as Prospective Neuroprotectants and Their Therapeutic Propensity in Aging Associated Neurological Disorders. Front. Aging. Neurosci. 2019, 11, 155. [Google Scholar] [CrossRef]

	



Tabrez, S.; Jabir, N.R.; Shakil, S.; Greig, N.H.; Alam, Q.; Abuzenadah, A.M.; Damanhouri, G.A.; Kamal, M.A. A synopsis on the role of tyrosine hydroxylase in Parkinson’s disease. CNS Neurol. Disord. Drug Targets 2012, 11, 395–409. [Google Scholar] [CrossRef]

	



Nagatsu, T.; Nakashima, A.; Ichinose, H.; Kobayashi, K. Human tyrosine hydroxylase in Parkinson’s disease and in related disorders. J. Neural. Transm. 2019, 126, 397–409. [Google Scholar] [CrossRef]

	



Andrews, Z.B.; Erion, D.; Beiler, R.; Liu, Z.W.; Abizaid, A.; Zigman, J.; Elsworth, J.D.; Savitt, J.M.; DiMarchi, R.; Tschoep, M.; et al. Ghrelin promotes and protects nigrostriatal dopamine function via a UCP2-dependent mitochondrial mechanism. J. Neurosci. 2009, 29, 14057–14065. [Google Scholar] [CrossRef]








[image: Nutrients 12 03665 g001 550] 





Figure 1. Teaghrelin (TG) protected cells against 1-methyl-4-phenylpyridinium (MPP+)-induced cytotoxicity. Cells were treated with different concentrations of teaghrelin or MPP+ for 24 h ((A,B) respectively). Cells were treated with or without TG, ghrelin, and MPP+ for 24 h (C). Cell viability was measured using 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay. The results were analyzed using one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 4). * p < 0.05, compared with the control group, # p < 0.05 compared with MPP+ alone. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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Figure 2. Teaghrelin (TG) attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced mitochondrial dysfunction and apoptosis in SH-SY5Y cells. SH-SY5Y cells were treated with TG or ghrelin in the presence or absence of MPP+ for 24 h. After various treatments, mitochondrial complex I activity was measured at 450 nm using a microplate reader (A). Cells were harvested and analyzed through Western blotting using antibodies against phosphatase and tensin homologue-induced kinase 1 (PINK1) (B), cytochrome c (C), and caspase-3 (D). The expression of β-actin was used as the internal control. Results were analyzed with one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 3). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP + alone. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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Figure 3. Teaghrelin (TG) attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced loss of tyrosine hydroxylase (TH) expression in SH-SY5Y cells. (A) Immunofluorescence staining of tyrosine hydroxylase (green) and DAPI (blue) in each group of SH-SY5Y cells with various treatments (scale bar, 50 µm). (B) SH-SY5Y cells treated with or without TG, ghrelin, and MPP+ for 24 h. The expression of TH was analyzed through Western blotting. The expression of β-actin was used as the internal control. The results were analyzed through one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 3). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP + alone. -: untreated with drugs or compounds, +: treated with drugs or compounds. 






Figure 3. Teaghrelin (TG) attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced loss of tyrosine hydroxylase (TH) expression in SH-SY5Y cells. (A) Immunofluorescence staining of tyrosine hydroxylase (green) and DAPI (blue) in each group of SH-SY5Y cells with various treatments (scale bar, 50 µm). (B) SH-SY5Y cells treated with or without TG, ghrelin, and MPP+ for 24 h. The expression of TH was analyzed through Western blotting. The expression of β-actin was used as the internal control. The results were analyzed through one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 3). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP + alone. -: untreated with drugs or compounds, +: treated with drugs or compounds.



[image: Nutrients 12 03665 g003]







[image: Nutrients 12 03665 g004 550] 





Figure 4. Substance P (SP-analog) attenuated the protective effects of teaghrelin (TG) on 1-methyl-4-phenylpyridinium (MPP+)-induced cytotoxicity. SH-SY5Y cells were treated with TG or SP-analog in the presence or absence of MPP+ for 24 h. Cell viability was measured using2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay. The results were analyzed using one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 4). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP+ alone. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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Figure 5. The protective effects of teaghrelin (TG) on 1-methyl-4-phenylpyridinium (MPP+)-induced mitochondrial dysfunction was not blocked by substance P (SP-analog). SH-SY5Y cells were treated with TG or SP analog in the presence or absence of MPP+ for 24 h. After various treatments, mitochondrial complex I activity was measured at 450 nm using a microplate reader (A). Cells were harvested and analyzed through Western blotting using antibodies against phosphatase and tensin homologue-induced kinase 1 (PINK1) (B). The expression of β-actin was used as the internal control. The results were analyzed using one-way analysis of variance. Values are presented as the mean ± standard deviation (n = 3). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP+ alone. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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Figure 6. Teaghrelin (TG) attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced neurotoxicity through activation of the extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathway. SH-SY5Y cells were treated with TG or substance P (SP-analog) in the presence or absence of MPP+ for 24 h. Cells were harvested and analyzed through Western blotting using antibodies against ERK1/2, p-ERK1/2, cytochrome c, caspase-3, and cleaved caspase-3. The expression of β-actin and was used as the internal control. Values are presented as the mean ± standard deviation (n = 4). * p < 0.05 compared with the control group, # p < 0.05 compared with MPP+ alone. $ p < 0.05 compared with the MPP+ + TG group. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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Figure 7. Teaghrelin (TG) attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced neurotoxicity through activated AMP-activated protein kinase (AMPK)/sirtuin 1(SIRT1)/peroxisome proliferator-activated receptor gamma (PPARγ) coactivator-1α (PGC-1α). SH-SY5Y cells were treated with TG, SP-analog, respectively, in the presence or absence MPP+ for 24 h. Cells were harvested and determined by Western blotting using antibodies against AMPK, p-AMPK, SIRT, PGC-1α. The expression of β-actin was used as internal control. Values are presented as mean ± SD (n = 4). * p < 0.05 compared with control group, # p < 0.05 compared with MPP + alone. $ p < 0.05 compared with MPP++TG group. -: untreated with drugs or compounds, +: treated with drugs or compounds. 
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