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Abstract

:

The ameliorative effect of medicarpin (MC) was investigated by animal behavioral experiments such as Morris water maze (MWM), Y-maze, and passive avoidance test (PAT), using scopolamine-induced cognitively impaired mice. The scopolamine (5 mg/kg), donepezil (5 mg/kg), and MC (5 and 15 mg/kg) were administered by intraperitoneal injection at a volume of 0.3 mL. In the MWM, the escape latency times of MC-treated groups were significantly decreased compared with the scopolamine-treated negative control, and times spent in the platform zone of MC-treated groups were increased dose-dependently. In the Y-maze, the zone alternations of the MC-treated group were increased to the level of the donepezil-treated positive control. In the PAT, the crossing times of MC-treated groups were significantly higher than those of the negative control with dose-dependency. On the other hand, the monoamine oxidase (MAO)-A, MAO-B, and acetylcholinesterase (AChE) activities, relating to cognitive functions, in hippocampus treated with MC were decreased. In addition, the AChE activity in SH-SY5Y cells was significantly decreased. In Western blots, phosphorylated cyclic adenosine monophosphate (cAMP) response element-binding protein (p-CREB), brain-derived neurotrophic factor (BDNF), phosphorylated protein kinase B (p-Akt), and dopamine D2 receptor (D2R) levels in the hippocampus were higher than those of the negative control. In addition, p-CREB, BDNF, p-Akt, and D2R levels in SH-SY5Y cells treated with MC were significantly increased. These results showed that MC ameliorated a cognitive function along with increased BDNF and D2R expressions, and they suggested that MC could be used for the treatment of neurological disorders such as Alzheimer’s disease and Parkinson’s disease.
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1. Introduction


Alzheimer’s disease (AD) is one of the neurodegenerative diseases that mainly causes dementia [1]. According to a WHO update, the number of AD patients is expected to triple from 2010 by 2050. The incidence of AD increases by 5–8% for those aged about 65 or older, and it increases to 25–50% for those aged 85 or older [2]. Major symptoms of AD include memory and nervous loss, difficulties in speaking and problem-solving skills, and cognitive and behavioral changes [3]. Neurologically, AD is caused by the formation of nerve fiber tangles, an increase in extracellular nerve plaques, and high phosphorylation of tau proteins [4]. The aggregation of amyloid beta (Aβ) fragments is also known to be the main cause of AD [3,5]. Aβ fragments are produced by beta-site amyloid precursor protein clear enzyme 1 (β-secretase, BACE1) and γ- secretase. The Aβ fragments, consisting of 36–43 peptides, are aggregated to form insoluble oligomers. Among them, aggregated Aβ42 is a major toxic substance that delays brain cleaning and increases inflammation [6]. Therefore, BACE1 inhibitors can be used to reduce the Aβ42 formation. However, until now, studies of BACE1 inhibitors showed high failure rates for drug discovery for AD treatment [3]. Fortunately, aducanumab was reported to decrease Aβ fragment formation and was approved by the FDA in 2021 [7]. On the other hand, a reduction in cholinergic receptors was reported in AD patients, and cholinesterase (ChE) inhibitors have been attracted as candidates for AD treatment [8].



Parkinson’s disease (PD) is one of the neurodegenerative diseases, and it is characterized by motor and non-motor symptoms. PD occurs mainly in the elderly people, but it can appear in young people [9]. Typical symptoms of PD are memory loss, attention deficit, and cognitive function decline [10]. PD is caused by the necrosis of dopamine (DA) neurons located within the substance nigra, which is the brain region responsible for DA synthesis [11]. DA levels within the substantia nigra pars compacta (SNPC) neurons are maintained through the synthesis of DA, synaptic vesicle load, absorption from extracellular space, and catabolism [12]. In the cortex, DA signals are mediated by the activation of D1-like (D1 and D5) and D2-like (D2, D3, and D4) DA receptors [13]. In general, DA receptors have been reported to be associated with cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) and Ca2+ pathways through G-protein-mediated signaling. However, DA D2 receptor (D2R), the main receptor for most antipsychotic drugs, has been reported to be associated with protein kinase B (Akt)-GSK-3 (glycogen synthase kinase 3) signaling [14]. The DA action in these receptors has an important role in behavioral regulation and some cognitive functions [12]. In addition, cAMP response element-binding protein (CREB)-mediated gene damage was observed in the brain of AD patients, and the level of CREB-regulated brain-derived neurotrophic factor (BDNF) was decreased in the post-brain [15]. Furthermore, neurotransmitter disturbance can cause cognitive decline [16]. Therefore, D2R, CREB, and BDNF are mainly related to the cognitive function of the brain, and these factors have been extensively used for the study of cognitive and mood behavior changes by using an animal behavioral test [17,18,19]. On the other hand, the concentration of DA is associated with mitochondrial monoamine oxidase (MAO, EC 1.4.3.4) [20]. In addition, the cognitive impairment of PD is associated with neurotransmitter deficiency, especially cholinergic deficiency [21]. For example, neurocellular damage in nuclear bases and decreased cholinergic receptors were reported in PD patients [22,23].



In these respects, ChE and MAO enzymes are important in AD and PD patients. The ChE contains two types, acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). AChE specifically hydrolyzes acetylcholine (ACh), and BChE non-specifically hydrolyzes ACh and butyrylcholine (BCh), preferring BCh [24]. AChE shows therapeutic effects by increasing the concentration of ACh in the cerebral cortex of AD patients. BChE is also used in AD treatment as a serine hydrolysis enzyme that affects the hydrolysis of Ach [8,25]. ACh is the main neurotransmitter of the brain, functions in both the central and peripheral nervous systems, and is reduced by AChE to cause AD. Therefore, ChE inhibitors have been studied as important tools for the treatment of AD [8]. Tacrine was used as the first AChE inhibitor of AD treatment, but it has been withdrawn due to its severe hepatotoxicity [26]. Since then, donepezil, rivastigmine, and galantamine have been used as second-generation AChE inhibitors [25]. In addition, the N-methyl-D-aspartic acid (NMDA) antagonist memantin is also used to treat severe AD [27]. As for MAO, it exists in two forms, namely MAO-A and MAO-B, in the mitochondrial outer membrane [28]. In fact, selective MAO-A inhibitors have been used for antidepressant treatments, and selective MAO-B inhibitors have been targeted for AD and PD treatments. In addition, MAO was also reported to be associated with the aggregations of amyloid plaques, which is a major cause of AD [29].



Furthermore, a multi-targeted treatment has been developed to target MAO-B and AChE simultaneously, and it has been reported that multi-target inhibitors can increase both monoamine and choline ester levels, thereby improving the cognitive function of AD and alleviating symptoms [30,31,32,33].



Canavalia lineata (Thunb.) DC. is a vine plant living in Korea, Japan, China, and Taiwan, and its aged beans contain bioactive compounds. C. lineata has also been reported as a cause of miscarriage and traditionally has been used to prevent pregnancy [34,35]. In a previous study, we found that medicarpin (MC) and homopterocarpin isolated from C. lineata showed potent hMAO-B inhibition [36]. MC is a pterocarpan, which is a derivative of isoflavonoids. In other studies, MC was isolated from Pueraia lobata [37], Medicago truncatula [38], Abrus precatorius [39], Butea monosperma [40], roots of Ononis angustissima L. [41], Robinia pseudoacacia L. [42], Radix hedysari [43], and other traditional Chinese herbs [44]. In addition, MC has been reported for various physiological activities such as anti-inflammatory [45], anti-cancer [46], and antioxidant [42]. Recently, the neuroprotective effect of MC on AD with its therapeutic mechanisms was explored by using network proximity prediction and Western blotting for GSK-3β and MAPK14 [47], and the ameliorative effect of brain injury [44] and anti-depression effect [48] by MC were reported.



In this study, we investigated the molecular biological effects of MC including animal behavioral tests such as Morris water maize (MWM), Y-maize, and passive avoidance test (PAT). Specifically, first, the cognitive and memory function improvements were evaluated using scopolamine-induced mice treated with MC. Second, signaling pathways were analyzed in mouse hippocampus and neuroblastoma cells (SH-SY5Y cells) through protein expression using Western blotting for BDNF, D2R, Akt, and CREB. Third, MAO and AChE activities were analyzed for the samples.




2. Materials and Methods


2.1. Animals and Administration


Naïve male Institute of Cancer Research (ICR) mice (n = 8 per group; age, 5 weeks; weight, 25–30 g) were supplied by ORIENT BIO (Seongnam, Republic of Korea). Animals were housed in standard conditions: temperature at 25 ± 2 °C, relative humidity at 60 ± 10%, under a 12 h light (07:00–19:00)/12 h dark cycle [49,50]. Animals were randomly divided into 5 groups: control, negative (5 mg/kg scopolamine, Scop); positive (Scop + 5 mg/kg donepezil), low-dose MC (Scop + 5 mg/kg MC), and high-dose MC (Scop + 15 mg/kg MC). The saline, scopolamine, donepezil, and MC were administered by intraperitoneal injection (i.p.) at a volume of 0.3 mL. Experimental procedures for animals were performed according to protocols approved by the Sunchon National University Institutional Animal Care and Use Committee (SCNU IACUC, permit number: SCNU IACUC-2022-22) and the guidelines for the care and use of laboratory animals.




2.2. Chemicals and Enzymes


Donepezil, scopolamine, dimethyl sulfoxide (DMSO), acetylthiocholine iodide (ATCI), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), benzylamine, kynuramine, glycine, sodium dodecyl sulfate (SDS), and trizma base were purchased from Sigma-Aldrich (St. Louis, MO, USA). MC was purchased from ChemFaces (CFN98411, Wuhan, China). Phosphate-buffered saline (PBS), radioimmunoprecipitation (RIPA) lysis and extraction buffer, nitrocellulose membranes, tris-buffered saline containing 20% tween 20 (TBS-T), primary antibodies such as BDNF, CREB, p-CREB, D2R, Akt, p-Akt, horseradish-peroxidase-conjugated goat anti-rabbit IgG (H+L) secondary antibody, and chemiluminescence kit were purchased from Thermo Fisher Scientific Inc. (Rockford, IL, USA). Skim milk for membrane blocking was purchased from Becton Dickinson and company (Franklin lakes, New jersey, USA). All other chemicals were of reagent grade.




2.3. Animal Behavioral Experiments


2.3.1. Morris Water Maze (MWM)


An MWM test was performed in a circular pool (60 cm in diameter), and mice were trained to escape from the pool by arriving on a hidden platform (7 cm in diameter) as described previously [47,51,52] with slight modification. The pool was separated into quarters and filled with water until a platform in the pool was submerged 1 cm below the surface. The test was performed for 7 days. From the 1st to the 6th day, the mice learned to find to a hidden platform in the pool for 90 s, and the arrival time and the movement path to the hidden platform were recorded. If the mice arrived at the hidden platform and stayed for 5 s, they are judged to have escaped from the pool. On the 7th day, the mice were tested in the pool, where the hidden platform was removed and the time spent in the target zone was recorded.




2.3.2. Passive Avoidance Test (PAT)


The PAT was carried out using the GEMINI avoidance system (Gemini, San Diego, CA, USA), consisting of two rooms and equipped with a device capable of giving an electric shock to the floor as described previously [53,54] with slight modification. On the first day of training, the mice were placed in a separate dark room and adapted for 10 s. Then, the separation door was opened, and the light at the starting room was turned on, and then, the time of movement to the opposite dark room was recorded. When the mice moved the opposite room, the electric foot shock stress of five seconds was given to them. On the second days, the same procedure was applied except for no electric shock stress. When the mice did not move to the opposite room for 3 min, the mice had escaped from the test instrument.




2.3.3. Y-Maze


The memory of the mice was measured using a Y-maze instrument (arm length: 36 cm, bottom width: 5 cm, and arm height: 13.5 cm) as described previously [55,56] with slight modification. The mice were located at the center point, and the total numbers and alternations in each arm were recorded for 8 min. The memory was evaluated as correct alterations/total arm entries.





2.4. Enzyme Assays


The hippocampus of collected experimental animals was analyzed using a RIPA lysis and extraction buffer to measure MAO-A, MAO-B, and AChE enzyme activities [57,58]. MAO-A and MAO-B activities were determined using kynuramine and benzylamine, respectively [57]. AChE activity was assayed using 0.5 mM ATCI and color reagent (DTNB) [58]. All absorbance measurements were continuously assayed.




2.5. Cell Culture


SH-SY5Y (neuroblastoma) cells were cultured in MEM and supplemented with heat-inactivated 10% FBS, 100 U/mL of penicillin/streptomycin solution, and 50 μM of 2-mercaptoethanol in a humidified atmosphere at 37 °C with 5% CO2, and media was changed when it was 80% confluent every 2 days, using 75 cm2 T-flask [59]. The passage numbers used were 10 to 30. Following trypsinization, SH-SY5Y cells were treated with 3 and 10 µM of MC. SH-SY5Y cells were obtained from the Korean Cell Line Bank (Seoul, Republic of Korea).




2.6. Western Blotting


The proteins were separated using 11% SDS polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were blocked in TBS-T containing 5% skim milk for 2 h at room temperature and attached at 4 °C overnight with the primary antibodies as follows: CREB (#701120, 1:2500), p-CREB (#44-298G, 1:1000), BDNF (#MA5-31039, 1:500), Akt (#4691, 1:1000), p-Akt (#4060, 1:2000), D2R (D2R-212AP, 1:1000), and beta-actin (#PA1-183, 1:500). The membrane with the primary antibody was mixed with the horseradish-peroxidase-conjugated goat anti-rabbit IgG (H+L) secondary antibody (#31460, 1:10,000) for 1 h at room temperature [50]. The membrane was detected using MicroChemi 4.2 (DNR Bio-Imaging Systems Ltd., Neve Yamin, Israel) with the chemiluminescence solution.




2.7. Statistical Analysis


An analysis of variance (ANOVA) test was used to determine the significances of differences between protein expression levels in control, negative control (scopolamine), positive control (scopolamine + donepezil), and two dose-dependent groups (low and high concentration of MC) using IBM SPSS Statistics 27 (IBM Corporation, Armonk, NY, USA) [49]. ANOVA was applied to analyze differences for the parameters between each group, which was followed by Bonferroni’s significant post hoc test for multiple comparisons. Probability values less than 0.05 were considered significant.





3. Results


3.1. Animal Behavioral Test


3.1.1. Animal Experiment Plan


After acclimatization of the mice for 1 week, scopolamine was treated to the end of 31st day for negative control, and the donepezil and MC were also administered for positive control and dosed groups, respectively. Animal behavioral experiments of MWM, PAT, and Y-maze were performed for 7, 2, and 1 day(s), respectively, after the drug treatments for two weeks. After the completion of animal behavioral experiments, the mice were sacrificed, and hippocampus tissues were isolated (Figure 1).




3.1.2. MWM


An MWM test was performed on scopolamine-induced mice to evaluate memory deficiency and cognitive improvement effect of MC using two doses, i.e., MC5 and MC15 groups treated with 5 and 15 mg/kg, respectively. The scopolamine-treated group (model mice, negative control) showed an aimless swimming pathway, but the donepezil-treated group (5 mg/kg, positive control) showed a decrease in travel distance, and also, the MC-treated groups showed a concentration-dependent decrease in travel distance (Figure 2A). In addition, the scopolamine-treated group showed a long escape time as opposed to the donepezil- and MC-treated groups (Figure 2B). On the 7th day of the experiment, when each mouse performed free swimming in the pool in which the platform was removed, the swimming time in the target zone, i.e., the platform zone, was long for the donepezil-treated group and for the MC15 group, but it was short for the scopolamine-treated group and the MC5 group (Figure 2C). These results suggest that the high concentration of MC in MC15 restored the cognitive function of mice to the level of the donepezil-treated group.




3.1.3. Y-Maze and PAT


The scopolamine-treated group showed a decrease in correct zone alternation in the Y-maze teat; however, MC5 and MC15 showed restored values in zone alternation to the level of the donepezil-treated group (Figure 3A). In PAT, the crossing times of all five groups on the first day were low and very similar to each other. However, that of the control on the second day increased to 109 s, but that of the scopolamine-treated negative control decreased to 13 s. Effectively, MC5 and MC15 showed restored crossing times to the level of the donepezil-treated positive control (Figure 3B). In addition, the recovery degrees of MC5 and MC15 were concentration-dependent (Figure 3B).





3.2. Enzyme Assays in Hippocampus Tissues


MAO-A, MAO-B, and AChE activities were measured for hippocampus tissues collected after the behavioral experiments. The negative control group showed similar MAO-A and MAO-B activities to the control group. However, MAO-A and MAO-B activities in the positive control and MC5 or MC15 groups were lower than those in the control and the negative control (Figure 4A). On the other hand, in the case of AChE, the negative control group showed higher activity than the control group, but the MC5 or MC15 groups showed similar activity to the positive control (Figure 4B). These results suggested that MC was involved in MAOs and AChE activities, which regulate neurotransmitter concentrations in mice hippocampus tissues.




3.3. Enzyme Assays in SH-SY5Y Cells


When SH-SY5Y cells were treated with low concentrations of MC (i.e., MC3), AChE activity was significantly reduced to 15.5%, and when it was treated with high concentrations of MC (i.e., MC10), AChE activity was not detected (Figure 5). These results suggested that MC could inhibit AChE in SH-SY5Y cells, although it weakly inhibited AChE in enzyme and inhibitor assay (19.4% inhibition at 10 µM of MC) [36]. MAO-A and MAO-B activities for control, MC3, and MC10 were not detected in SH-SY5Y cells.




3.4. Western Blotting of Hippocampus Tissues and SH-SY5Y Cells


Factors related to cognitive function and DA receptor were analyzed through Western blotting for hippocampus tissues and SH-SY5Y cells by measuring, the expression levels of BDNF-CREB and D2R signaling pathway factors. In hippocampus tissues, the expression levels of BDNF, CREB, and p-CREB in the MC-treated groups increased to the levels of the donepezil-treated positive group (Figure 6A,B). BDNF and CREB levels decreased in the scopolamine-treated negative group, however, the p-CREB level of the negative group was not lower than that of the control—instead, it was observed to be lower than that of the positive group. Specially, p-CREB expression in the MC-treated groups showed a dose-dependent tendency. Additionally, in the D2R signaling pathway, the expression level of D2R decreased in the negative group; however, the D2R level in the MC-treated group were also restored to the levels in the positive group (Figure 6A,C). The Akt and p-Akt levels of the negative groups were not lower than those of the control groups; instead, those were observed to be lower than those of the positive group.



In SH-SY5Y cells, the expression levels of BDNF, p-CREB, D2R, and p-Akt in the MC-treated groups increased dose-dependently (Figure 7). These results showed that BDNF and D2R levels reduced by scopolamine treatment were recovered by MC administration to the similar to or higher levels than the levels by donepezil treatment. In addition, CREB and Akt were activated by BDNF and D2R.



These results suggested that MC increased the levels of those factors in hippocampus tissues and SH-SY5Y cells and might contribute to amelioration of the cognitive impairment.





4. Discussion


In this study, the potential therapeutic effect of MC on AD and PD was evaluated through animal behavioral experiments and brain hippocampus tissue analysis. In addition, changes in enzymes and proteins related to neurotransmission in accordance with MC administration were evaluated by using enzyme assays and Western blotting.



In the animal behavioral experiments, the scopolamine-treated negative control group showed an increase in aimless movement in MWM, which is used to evaluate long-term memory, but the MC-administered group showed recovered values to the values of the donepezil-treated positive control group in a dose-dependent manner. This result was similar to the observation in another study previously reported [47]. Additionally, we found that the MC group recovered short-term memory similar to the donepezil-treated positive group, and especially, dose-dependence recovery was observed in PAT. These results indicate that MC is involved in both long-term and short-term memory based on Y-maze and PAT results for short-term memory improvement and MWM results for long-term memory improvement.



In previous study, it was reported that MC affected the cholinergic system, neuronal apoptosis, and synaptic function using the experiments such as AChE assay, GSK-3β and MAPK14 blotting and an in silico network-based approach [47]. In this study, we carried out other experiments such as measurements of MAO-A, MAO-B, and AChE activities in mouse brain hippocampus tissue and SH-SY5Y cells. In addition, we analyzed the expression levels of BDNF and D2R related to cognitive function through the signaling pathway via Western blot. In this study, MAO-A, MAO-B, and AChE were reduced in the mouse hippocampus when MC was administered. AChE was also significantly reduced in SH-SY5Y cells when treated with MC. Interestingly, it was observed that MC potently inhibited MAO-B (95.83% at 10 µM of MC, IC50 = 0.45 µM); however, it weakly inhibited AChE (19.4% inhibition at 10 µM of MC) when assayed using respective purified enzymes [36]. These results might suggest that MAO-B and AChE can interact in hippocampus tissues during the binding of MC to the enzymes and AChE can be inhibited more than expected with in vitro experiment; concentrations of neurotransmitters by MAO or AChE can be adjusted along with the choline receptor.



In Western blotting, MC increased BDNF and D2R expression levels as well as the phosphorylation of CREB and/or Akt proteins. This increased BDNF expression was similar to the observation in other studies previously reported [44,47]. From these results, it can be proposed that the signaling pathways proceed via Akt and CREB proteins (Figure 8). Increased BDNF expressions have been observed when various chemicals or extracts were treated [49,60]. D2R is the main receptor for most antipsychotic drugs and is associated with Akt and GSK-3 signaling [14]. In this study, levels of BDNF and D2R increased with MC administration, and these results suggest that MC can be used for the treatments of AD and PD through cognitive function improvement and dopamine receptor expression.



Collectively, our results showed that MC can be used for the treatment of AD by improving cognitive function, such as long-term and short-term memories. In addition, the increased expressions of BDNF and D2R through increased levels of p-CREB and p-Akt in the mouse hippocampus and neuron cells showed improved signaling cognitive function. It is interesting that MC showed potent MAO-B inhibition with weak AChE inhibition in the cuvette assays; however, it showed extreme AChE inhibition in the cells and the in vivo experiments. These findings suggest that MC can be a promising candidate agent for the treatment of PD as well as AD.




5. Conclusions


MC significantly ameliorated long-term memory in a MWM experiment using scopolamine-induced cognitively impaired mice. In addition, short-term memory in Y-maze and PAT was significantly recovered. In hippocampus tissues, MAO-A, MAO-B, and AChE activities were decreased when MC was administered. AChE activity was also decreased in SH-SY5Y cells. Western blots of proteins in hippocampus tissues showed that expression levels of p-CREB, BDNF, p-Akt, and D2R were increased. In SH-SY5Y cells, expression levels of the four factors were also increased. These results suggest that MC can be used to treat AD and PD through improved cognitive and memory function and increased expression of the DA receptor.
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Figure 1. The schedule of animal behavioral experiments. MWM, Morris water maze; PAT, passive avoidance test. The injection volume used was 300 μL. Scopolamine and donepezil were used at 5 mg/kg concentration. MC was used at 5 mg/kg (MC5) and 15 mg/kg (MC15). All solutions were made with PBS. 
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Figure 2. Recovery of long-term memory by MC on MWM test. (A) Swimming paths; (B) Escape latency for 6 consecutive days; (C) Time spent in platform zone in which the platform was removed. Data are presented as mean ± SEM. ## p < 0.01, compared to the control group; ** p < 0.01 and *** p < 0.001, compared to the scopolamine-treated group (n = 8). 
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Figure 3. Effect of MC on short-term memory function. (A) Y-maze test; (B) PAT. Zone alternation and crossing time were measured by Y-maze and PAT, respectively. Data are presented as mean ± SEM. ### p < 0.001, compared to the control group; * p < 0.05 and ** p < 0.01, compared to the scopolamine-treated group (n = 8). 
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Figure 4. Effect of MC on MAO-A, MAO-B, and AChE activities relating to neurotransmitters in hippocampus tissues. Results are expressed as mean ± SEM from triplicate experiments. (A) MAO-A and MAO-B activities; (B) AChE activity. 
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Figure 5. Effect of MC on AChE activity in SH-SY5Y cells. Results are expressed as mean ± SEM from triplicate experiments. MC3, 3 µM; MC10, 10 µM of MC. 
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Figure 6. Western blotting of CREB, p-CREB, BDNF, Akt, p-Akt, and D2R in the hippocampus tissues. Western blots (A), and levels of immunoreactivities for BDNF, CREB, and p-CREB (B) and for D2R, Akt, and pAkt (C). C, control; N, negative control (scopolamine-treated); P, positive control (scopolamine + donepezil treated); MC5 and MC15, doses of the compound MC (scopolamine + 5 and 15 mg/kg of MC, respectively). Data are presented as mean ± SEM. ### p < 0.001, compared to the control group; * p < 0.05, ** p < 0.01 and *** p < 0.001, compared to the scopolamine-treated group. 
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Figure 7. Western blotting of CREB, p-CREB, BDNF, Akt, p-Akt, and D2R in the SH-SY5Y cells. Western blots (A), and levels of immunoreactivities for BDNF, CREB, and p-CREB (B) and for D2R, Akt, and pAkt (C). C, control; MC3 and MC10, doses of the compound MC (scopolamine + 3 and 10 μM of MC, respectively). Data are presented as mean ± SEM. 
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Figure 8. Possible responses of BDNF/Akt/CREB and D2R signaling pathways during interactions with MC. BDNF activates Akt, and next, Akt activates CREB, which is related to cell survival and neurogenesis. D2R activates the Akt–GSK3 pathway, and the activation of Akt prevents DA neuronal death. Names in blue color represent the factors tested in this study. 
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