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Abstract:



Alzheimer’s disease (AD) is a neurodegenerative disease in humans. The accumulation of amyloid-β (Aβ) plays a critical role in the pathogenesis of AD. Previous studies indicated that Salvianolic acid B (SalB) could ameliorate Aβ-induced memory impairment. However, whether SalB could influence the generation of Aβ is unclear. Here, we show that SalB (25, 50, or 100 µM) reduces the generation of Aβ40 and Aβ42 in culture media by decreasing the protein expressions of BACE1 and sAPPβ in SH-SY5Y-APPsw cells. Meanwhile, SalB increases the levels of ADAM10 and sAPPα in the cells. However, SalB has no impact on the protein expressions of APP and PS1. Moreover, SalB attenuates oxidative stress and inhibits the activity of GSK3β, which might be related to the suppression of BACE1 expression and amyloidogenesis. Our study suggests that SalB is a promising therapeutic agent for AD by targeting Aβ generation.
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1. Introduction


Alzheimer’s disease (AD), an age-related disease, is characterized by progressive neurodegenerative disorders. Senile plaques, loss of neurons, and neurofibrillary tangles are the hallmarks of AD [1]. Amyloid beta (Abeta or Aβ) is the core component of the senile plaques in AD patients’ brains. Aβ triggers subsequent pathological events such as synaptic degeneration, Tau-hyperphosphorylation, oxidative stress, neuroinflammation, neurite degeneration, and neuronal loss, which leads to the progression of AD [2]. Therefore, it is critical to discover novel drugs, targeting Aβ, to improve or halt the progression of the disease. Recently, a number of drug candidates targeting Aβ through immunotherapy have proceeded to clinical trials, but all failed to improve cognitive functions in patients [3]. Traditional Chinese herbal medicine may be one effective method for treating AD. However, further evidence is required before it can be recommended.



Salvia miltiorrhiza is a well-known medicinal plant in the Labiatae family [4]. Because of its remarkable biological activities, Salvia miltiorrhiza has also become a widely accepted health-promoting product for the functional food, pharmaceutical, cosmetics, and nutraceutical industries [5]. Salvianolic acid B (SalB; Figure 1) is the most abundant and bioactive compound extracted from Salvia miltiorrhiza Bunge [6]. Previous studies have found SalB plays a role in anti-atherosclerosis [7], protects liver injury and reverses liver fibrosis [8]. In addition to its well-established cardioprotective effect, the effect on AD has also been well studied. Lee et al. discovered that SalB exerted neuroprotective activity via anti-oxidative and anti-inflammatory actions [9]. Tang et al. reported SalB could inhibit Aβ aggregation and fibril formation in PC12 cells [10]. Further, SalB can mediate the GABAergic neurotransmitter system to improve Aβ25-35-induced memory impairment [11]. These results suggest that SalB is a potential therapeutic candidate for AD therapy. However, whether SalB could influence the generation of Aβ is unclear.


Figure 1. Chemical structure of Salvianolic acid B.
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Aβ peptides are excised from the amyloid precursor protein (APP), a single-span membrane protein. APP can be cleaved by three proteolytic enzymes: α-, β- and γ-secretase [12]. Under physiological conditions, the majority of APP is cleaved by α-secretase (the extracellular region) into a fragment of 83 amino acids (C83) and an extracellular domain (sAPPα). sAPPα is further cleaved by γ-secretase. The cleavage site of α-secretase can prevent the generation of Aβ. Under pathological conditions, APP is mainly cleaved by β-secretase (the extracellular region) and gives rise to a C-terminal membrane-bound fragment (C99) and an extracellular domain (sAPPβ), which is further cleaved by γ-secretase into Aβ [13]. Thus, inhibition of BACE1 (β-secretase) activity may be an effective way to avoid Aβ accumulation [14]. Aβ is derived from APP in two major forms: 40 amino acid form (Aβ1-40) and more fibrillogenic, the 42 amino acid form (Aβ1-42) [15,16].



We developed an SH-SY5Y cell line overexpressing the human APP Swedish mutant (APPsw) model in this study. In this cell model, we found that SalB pretreatment inhibited β-secretase 1 (BACE1) processing of APP through anti-oxidative stress and regulation of the glycogen synthase kinase 3 beta (GSK3β) signalling pathway.




2. Materials and Methods


2.1. Drugs, Reagents and Antibodies


SalB (purity > 99%) was purchased from the Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), neurobasal medium, and F12 supplement were obtained from Gibco (New York, NY, USA). 2′,7′-dichlo-rofluorescin diacetate (DCFH-DA) was obtained from Invitrogen (Carlsbad, CA, USA). Assay kits for malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione reductase (GSH-Px) were purchased from Nanjing JianCheng Bioengineering Institute (China). The blots were probed with the following antibodies: anti-APP (Millipore, Boston, MA, USA); anti-sAPPα (Abcam, Cambridge, UK); anti-sAPPβ (Immuno-Biological Laboratories, Fujioka, Japan); anti-BACE1 (Millipore); anti-disintegrin and metalloprotease 10 (ADAM10, Millipore); anti-presenlin 1 (PS1, Millipore), anti-GSK3β (Abcam); anti-pS9-GSK3β (Abcam); anti-β-actin (Sigma-Aldrich, St. Louis, MO, USA); and secondary antibody horseradish peroxidase- (HRP-) conjugated goatanti-rabbit IgG (Cell Signaling Technology, Boston, MA, USA). The Western blot chemiluminescent horseradish peroxidase substrate was purchased from Millipore. All other reagents and chemicals used in the study were of analytical grade.




2.2. Cell Culture


SH-SY5Y human neuroblastoma cells transfected with APPsw were cultured in DMEM supplemented with 10% FBS. Cells were kept at 37 °C in a humidified 5% CO2/95% air incubator. On the 2nd day after seeding, the medium was changed to serum-free medium 2 h before SalB treatments. Cells were then treated with 25, 50, or 100 µM SalB for 24 h in 6 mL of serum-free culture medium.




2.3. ELISA


The cell culture media of SH-SY5Y-APPsw cells were collected. The cell media were centrifuged at 3000 g for 5 min to precipitate the cells in the media. The concentration of Aβ40 and Aβ42 were measured by using an ELISA kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instruction. α- and β-secretase activities were measured by relevant kits according to the manufacturer’s instructions (R&D Systems).




2.4. Reactive Oxygen Species (ROS) Production


Intracellular ROS were measured using the redox-sensitive fluorescent dye, DCFH-DA. Conversion of non-fluorescent DCFH-DA to fluorescent dichlorofluorescein (DCF) in the presence of ROS was measured on a microplate reader. In brief, following drug treatment, cells were washed twice with D-Hanks solution, incubated with 10 µM DCFH-DA for 30 min at 37 °C in the dark, and washed twice with D-Hanks solution to remove the extracellular DCFH-DA. Fluorescence emission intensity of DCF (538 nm) was measured in response to 485 nm excitation. The level of intracellular ROS was expressed as a percentage of control cultures incubated in DCFH-DA.




2.5. MDA, SOD and GSH-Px Assays


Cells were washed with D-Hanks solution, scraped from the plates into 1 mL ice-cold PBS (0.1 M, containing 0.05 mM EDTA), and homogenized. The homogenate was centrifuged at 4000 g for 10 min at 4 °C. The supernatants were stored at −80 °C until analyses. The protein concentration in each supernatant sample was determined using the BCA method. The level of MDA, SOD and GSH-Px activities, and protein content were determined by using specific detection kits according to the manufacture’s instructions. Concentrations were normalized to the sample protein concentration expressed as a percentage of untreated control cultures.




2.6. Western Blot Assay


The cells were lysed on ice by precooled lysis buffer. After centrifugation at 12,000 g for 15 min at 4 °C, the protein content of the supernatant was determined with a Pierce BCA protein assay kit (Thermo Fisher Scientific, Westminster, MD, USA) to ensure equal sample loading. Protein lysates were separated by SDS-PAGE and blotted onto nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ, USA). Proteins were detected by using antibodies (anti-APP; anti-sAPPα; anti-sAPPβ; anti-ADAM10; anti-BACE1; anti-PS1; anti-GSK3β; anti-pS9-GSK3β; anti-β-actin) and visualized by using anti-mouse or anti-rabbit IgG conjugated with HRP and Pierce ECL Western Blotting Substrate as the substrate of HRP.




2.7. Statistical Analysis


Experimental values are presented as the means ± SD. The statistical analysis between two groups was evaluated with Student’s unpaired t-test. Statistical analysis of the data among multi-groups was performed using the SPSS 18.0 statistical software (IBM, Armonk, NY, USA). One-way analysis of variance (ANOVA) was applied to analyze differences in the data of the biochemical parameters among the different groups, followed by Dunnett’s significant post-hoc test for pairwise multiple comparisons. Differences were considered as statistically significant at p < 0.05.





3. Results


3.1. SalB Reduces the Levels of Aβ40 and Aβ42 in Cell Culture Medium


To investigate how SalB affects the generation of Aβ, an SH-SY5Y cell line overexpressing the human APP Swedish mutant was developed (Figure 2A). Aβ peptides were produced by cleaving APP. To evaluate the effect of SalB on the viability of SH-SY5Y-APPsw cells, different doses of SalB (25, 50, 100, 200 or 400 µM) were added to the cells. Results showed that 25–200 µM SalB did not affect the viabilities of SH-SY5Y-APPsw cells. However, 400 µM SalB influenced the cell viabilities (Supplemental Material Figure S1A). Thus, the effects of 25–200 µM SalB on the generations of Aβ40 and Aβ42 were further studied by ELISA. SalB (25, 50 or 100 µM) significantly decreased the levels of Aβ40 and Aβ42 in a dose-dependent manner (Figure 2B,C). However, 200 µM SalB was not different from 100 µM SalB, which indicated that 100 µM SalB reached the platform stage (Supplemental Material Figure S1B). In our study, SalB (25, 50 or 100 µM) was employed for further analyses.


Figure 2. Effect of SalB on Aβ40 and Aβ42 levels in SH-SY5Y-APPsw cells. SH-SY5Y-APPsw cell was developed (A); Aβ40 (B) and Aβ42 levels (C) were measured in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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3.2. SalB Reduces the Level of sAPPβ in SH-SY5Y-APPsw Cells


To determine whether SalB could affect APP metabolism, the level of full APP was evaluated. Result showed that SalB did not influence the protein expression of total APP (Figure 3A). In addition, the products of α- and β-secretase-mediated APP cleavage (sAPPα and sAPPβ) were examined. SalB dose-dependently increased the level of sAPPα and decreased the level of sAPPβ (Figure 3B,C).


Figure 3. Effect of SalB on the protein expression of APP, sAPPα and sAPPβ in SH-SY5Y-APPsw cells. The protein expressions of APP (A); sAPPα (B) and sAPPβ (C) were determined in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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3.3. SalB Decreases the Protein Expression and the Activity of BACE1 in SH-SY5Y-APPsw Cells


In order to analyze whether SalB could affect APP cleavage by modulating APP cleavage enzymes, the protein expressions of ADAM10, BACE1, and PS1 were examined by western blot in SH-SY5Y-APPsw cells. SalB increased ADAM10 expression and decreased BACE1 expression (Figure 4A,B). No statistically significant changes were detected in the protein expression of PS1 (Figure 4C). The activities of α- and β-secretases were further measured by ELISA. Results showed that SalB increased α-secretase activity and decreased β- secretase activity in a dose-dependent manner (Figure 5A,B).


Figure 4. Effect of SalB on the protein expression of ADAM 10, BACE1 and PS1 in SH-SY5Y-APPsw cells. The protein expressions of ADAM 10 (A); BACE1 (B) and PS1 (C) were determined in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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Figure 5. Effect of SalB on α- and β-secretase activities in SH-SY5Y-APPsw cells. α- (A) and β-secretase (B) activities were measured in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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3.4. SalB Ameliorates Oxidative Stress and Inhibits GSK3β Activity in SH-SY5Y-APPsw Cells


Oxidative stress markers in the SH-SY5Y-APPsw cells were examined. After exposure of SH-SY5Y-APPsw cells to SalB for 24 h, intracellular ROS and MDA levels were significantly decreased (Figure 6A,B). In addition, SalB treatment enhanced both SOD and GSH-Px activities in a dose-dependent manner (Figure 6C,D). These results indicate that SalB acts as an antioxidant by directly scavenging free radicals and enhancing endogenous antioxidant capacity. Finally, we found that the phosphorylation at Ser9 of GSK3β, an enzyme well known for its role in the activity of BACE1 [17] and the pathogenesis of AD [18], was significantly increased in SalB-treated group (Figure 6E).


Figure 6. Effect of SalB on oxidative stress and the GSK3β pathway in SH-SY5Y-APPsw cells. ROS level (A); MDA level (B); SOD (C) and GSH-Px (D) activities were measured; pS9 GSK3β and GSK3β protein levels (E) were determined in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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4. Discussion


AD is a progressive neurodegenerative disease. Two major factors are known to cause AD, one is extracellular senile plaques and the other is intracellular neurofibrillary tangles in the brain. Aβ is the central component of senile plaques [19]. Finding drugs that target Aβ is an effective intervention for AD treatment. In our study, we found that SalB is a potent drug that can reduce the generation of Aβ in SH-SY5Y-APPsw cells. The suppression of Aβ generation by SalB treatment was associated with alterations of APP processing, including increased α-secretase activity and decreased β-secretase activity. These data demonstrated that SalB inhibits Aβ generation by modulating APP cleavage.



A few studies suggested that SalB, as a crucial neuromodulator, has a direct effect on AD [3,19]. Some studies indicated that SalB can protect Aβ-induced neurotoxicity [9,11]. However, it is unclear whether SalB could have an effect on Aβ generation. Aβ is a product of the cleavage of APP [20]. In the present study, we found that SalB reduced the levels of Aβ40 and Aβ42 in SH-SY5Y-APPsw cells by ELISA. However, SalB did not affect the protein expression of APP. Two major pathways are involved in APP metabolism, one non-amyloidogenic and one amyloidogenic. In the amyloidogenic pathway, APP is first hydrolyzed by BACE1 and generates sAPPβ and CTF-β. γ-secretase further cleaves CTF-β to release AICD and Aβ, which aggregates to form amyloid plaques. In the non-amyloidogenic pathway, APP is cleaved by α-secretase and releases sAPPα and CTF-α. γ-secretase cleaves CTF-α to produce p3 and AICD. ADAM10, located in the Aβ domain, can cleave APP at the α-secretase site, which is involved in the non-amyloidogenic processing of the APP [21,22,23]. Western blot analysis showed SalB increased the protein expressions of ADAM10 and sAPPα and decreased the protein expressions of BACE1 and sAPPβ. However, SalB did not affect the protein expression of PS1. ELISA results demonstrated that SalB increased the activity of α-secretase and decreased the activity of β-secretase. Therefore, we speculated that SalB inhibits the activity of β-secretase, which results in a higher metabolism of APP through the α-secretase pathway and a decrease in Aβ generation.



ROS are by-products of the normal metabolism of oxygen and have an important role in cell signaling [24]. Their concentration is influenced by antioxidant factors. Excessive oxidant conditions result in oxidative stress, which is toxic to cells by damaging proteins, lipids or nucleic acids, ultimately resulting in cell death [25]. Oxidative stress contributes to AD, which has been demonstrated [26,27]. Aβ is a highly redox active peptide that generates ROS [28,29]. ROS promotes several Aβ-driven vicious cycles and propagates the pathogenesis of AD [30]. BACE1 activity is definitely correlated to oxidative stress in AD brains [31]. Treatment of cells with oxidants increases BACE1 transcription, activity and expression [32]. SalB has been reported to exhibit an antioxidant effect [33,34]. Consistently, SalB alleviates the oxidative stress state in SH-SY5Y-APPsw cells. The inhibition of BACE1 may be linked to the antioxidant effect of SalB. In addition, up-regulation of BACE1 is related to the activation of GSK3β [17]. Phosphorylation of certain GSK-3β residues can increase or decrease their ability to bind to the substrate. Phosphorylation at Tyr216 in GSK-3β enhances the enzymatic activity of GSK-3β, while phosphorlyation of Ser9 in GSK-3β significantly decreases active site availability [35]. Results showed SalB could inhibit GSK3β by increasing the ratio of pSer9-GSK3β to total GSK3β. It is likely that SalB suppresses BACE1 expression and amyloidogenesis by attenuation of oxidative stress and the inhibition of the activity of GSK3β. However, the underlying mechanism is unclear and still needs further investigation.




5. Conclusions


This study demonstrates that SalB inhibits Aβ generation by modulating APP processing in SH-SY5Y-APPsw cells, and its protective effect is the attenuation of oxidative stress and inhibition of GSK3β signaling. These findings might be considered in the future development of therapeutic strategies for AD.








Supplementary Materials


The following are available online at http://www.mdpi.com/2072-6643/8/6/333/s1, Figure S1: Effect of SalB on cell viability, Aβ40 and Aβ42 levels in SH-SY5Y-APPsw cells. Cell viability (A); Aβ40 (B) and Aβ42 levels (C) were measured in SH-SY5Y-APPsw cells. Values are expressed as the mean ± SD in each group (n = 3). * p < 0.05, ** p < 0.01 vs. control. SalB: Salvianolic acid B.
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