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Discovery of an evodiamine derivative for PI3K/AKT/GSK3β pathway activation and AD pathology improvement in mouse models
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Alzheimer's disease (AD) is a neurodegenerative disease characterized by progressive neurodegeneration and cognitive decline. Evodiamine, a main component in Chinese medicine, was found to improve cognitive impairment in AD model mice based on several intensive studies. However, evodiamine has high cytotoxicity and poor bioactivity. In this study, several evodiamine derivatives were synthesized via heterocyclic substitution and amide introduction and screened for cytotoxicity and antioxidant capacity. Under the same concentrations, compound 4c was found to exhibit lower cytotoxicity and higher activity against H2O2 and amyloid β oligomers (AβOs) than evodiamine in vitro and significantly improve the working memory and spatial memory of 3 x Tg and APP/PS1 AD mice. Subsequent RNA sequencing and pathway enrichment analysis showed that 4c affected AD-related genes and the AMPK and insulin signaling pathways. Furthermore, we confirmed that 4c recovered PI3K/AKT/GSK3β/Tau dysfunction in vivo and in vitro. In conclusion, 4c represents a potential lead compound for AD therapy based on the recovery of PI3K/AKT/GSK3β pathway dysfunction.
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Introduction

Alzheimer's disease (AD), the most common type of dementia, is a devastating illness that causes progressive neurodegenerative changes and cognitive decline. AD currently affects 43.8 million people worldwide, and the incidence of AD is expected to increase dramatically in the coming decades (GBD 2016 Dementia Collaborators., 2019). Single nucleotide polymorphisms (SNPs) or mutations in more than 100 genes have been linked to the increased risk of AD, including App, Psen1, Psen2, Apoe, Trem2, Pon1, Aph1b, Adam10, Clu, Abca7, Slc24a4, and Tomm40 (Cacace et al., 2016; Nie et al., 2017; Chiba-Falek et al., 2018; Kim, 2018; De Roeck et al., 2019; Bertram and Tanzi, 2020). In addition to genetic factors, several acquired factors have been found to increase AD risk, including cerebrovascular diseases, diabetes, hypertension, obesity, dyslipidemia, neurotoxicity, depression, age, and social culture (Silva et al., 2019; Zhang et al., 2021). Despite the rapid developments in AD pathophysiology, the etiology of AD is complex and a complete understanding of the underlying pathogenic mechanisms is lacking. This limited understanding of its pathogenesis is a barrier to drug discovery, and there is currently no effective therapy for AD. Thus, efforts toward drug discovery for AD are encouraged.

Recently, a number of natural compounds for improving AD symptoms were found, which suggested that natural compounds were potential resources for AD drug discovery (Wang et al., 2016). Authors of previous studies and of the present study reported that evodiamine (Evo, compound 1, Figure 1), a quinazolinone alkaloid isolated from the fruit of Evodiae fructus, improves the pathological symptoms of AD by reducing acetylcholinesterase (AChE) activity, inhibiting oxidative stress, and reducing neuroinflammation (Wang et al., 2016; Zhang et al., 2018; Fang et al., 2020; Chou and Yang, 2021). However, evodiamine (Evo) exhibits high cytotoxicity and poor bioactivity (Gavaraskar et al., 2015; Pang et al., 2020). In addition, its highly active derivatives are needed to investigate its mechanism of action. In an earlier study, we reported that the cytotoxicity of evodiamine could be reduced by replacing its nitromethyl group with an oxygen atom (2, Figure 1), thus opening the doors for further research and development of evodiamine derivatives (Pang et al., 2020).


[image: Figure 1]
FIGURE 1
 Structures and the optimization strategies of evodiamine, 2, and the target compounds.


Herein, a series of evodiamine derivatives, compounds 3a−3k and 4a−4j, were designed and synthesized according to the strategy of heterocyclic substitution (Figure 1). 1,2-Dimethoxybenzene, a common structural segment in alkaloids, was used to substitute the indole ring. The oxygen atom of compound 2 was maintained and the introduction of an amide group (R) was investigated. The derivatives were screened by assessing their cytotoxicity against human neuroblastoma cells (SH-SY5Y) and human hepatocellular carcinoma (HepG2) cells and their anti-H2O2 activity in SH-SY5Y cells. Compared to the other derivatives and evodiamine, compound 4c exhibited the lowest cytotoxicity and highest anti-H2O2 activity. In addition, compound 4c prevented Aβ oligomer- and H2O2-induced cytotoxicity in vitro and improved AD pathology and cognitive behavior in AD mice. Compound 4c compensated for the PI3K/AKT/GSK3β signaling pathway dysfunction in AD mice, providing insights into the molecular mechanisms of AD treatment.



Materials and methods


Chemistry

An Agilent Technologies LC/MSD TOF instrument was used to record the high-resolution mass spectra. Varian Mercury 400 and 100 MHz spectrometers were used to record the 1H and 13C NMR spectra. High-performance liquid chromatography (HPLC, Shimadzu LC-20A) with a reverse-phase C18 column (4.6 mm × 150 mm, 5 mm, Shim-pack VP-ODS) was used to determine the purity of the target compounds (all above 95%). The detailed chemical data, the 1H and 13C NMR spectra, and the high-resolution mass spectra are provided in the Supplementary material.



Cell culture

SH-SY5Y and HepG2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, 11965-92, Gibco) with 10% fetal bovine serum (FBS, 10099-141C, Gibco) and 1% antibiotic penicillin-streptomycin solution (15070063, Gibco) in an incubator at 5% CO2 and 37°C.



Animal treatments

APPswe/PS1ΔE9 double-transgenic mice (APP/PS1mice) and APPswe/PS1M146V/TauP301L triple-transgenic mice (3 x Tg mice) with a C57BL/6J genetic background were bred in our laboratory (Yuan et al., 2011). The APP/PS1 mice exhibit typical senile plaques at 4.5 months, while the 3 x Tg mice develop typical p-Tau accumulation at 8 months (Billings et al., 2005; Yuan et al., 2011; Huber et al., 2018). As described previously (Fang et al., 2019), we chose APP/PS1 mice to explore Aβ pathology and 3 x Tg mice to investigate Tau pathology. The mice experiments were approved by the Animal Care and Use Committee at the Institute of Laboratory Animal Science, Peking Union Medical College (Approval no. MYW19006).

Male and female 3 x Tg mice and C57BL/6J mice (WT) aged 9 months were randomly assigned to six groups of 12 animals. The WT mice were treated with saline (WT group) or 4c (200 μg/kg, WT-4c-H group) and the 3 x Tg mice were treated with saline (3 x Tg group), 4c (20 μg/kg, 4c-L group; 200 μg/kg, 4c-H group), or evodiamine (200 μg/kg, Evo group) via intraperitoneal injection (IP) every 2 days for 4 weeks. C57BL/6J mice and APP/PS1 mice aged 7 months were assigned to five groups of eight animals. The WT mice were treated with saline (WT group) or 4c (200 μg/kg, WT-4c-H group) and the APP/PS1 mice were treated with saline (APP/PS1 group), 4c (200 μg/kg, 4c-H group), or evodiamine (200 μg/kg, Evo group) by IP every 2 days for 4 weeks.



Determination of the lethal dose 50 (LD50)

SH-SY5Y cells and HepaG2 cells were inoculated into 96-well plates at a density of 10,000 cells/100 μl/well in six replicates and incubated for 24 h to allow them to adhere to the plate bottom. The cells were co-incubated with different concentrations of evodiamine derivatives (0, 10−4, 10−3, 10−2, 10−1, 1, 10, 50, and 100 μg/ml) and different concentrations of evodiamine (0, 10−4, 10−3, 10−2, 10−1, 1, 5, 10, and 50 μg/ml) for 24 h. Cell viability was analyzed using a cell counting kit-8 (CCK8) assay kit (CK04-500, Dojindo). The LD50 was estimated from the compound concentration that resulted in 50% viability.



Evaluation of the effect of evodiamine derivatives on H2O2 resistance

SH-SY5Y cells were inoculated into plates and incubated for 24 h to allow them to adhere to the plate bottom. The cells were then co-incubated with 75 μM H2O2 and an evodiamine derivative at a dose of 10−2, 10−1, or 1 μg/ml or 4c at a dose of 10−4, 10−3, 10−2, 10−1, or 1 μg/ml for 24 h and cell viability was analyzed.



Determination of cell death by calcein-AM/PI double staining

SH-SY5Y cells were inoculated into plates and incubated for 24 h to allow them to adhere to the plate bottom. The cells were then co-incubated with 75 μM H2O2 and 4c or Evo at a dose of 10−4, 10−3, 10−2, 10−1, 0, or 1 μg/ml for 24 h. Next, calcein-AM/PI double staining was performed according to the manufacturer's instructions (C542, Dojindo). The staining solution containing 1 μM calcein-AM and 0.5 μM PI was added to the wells of the plate and incubated for 15 min in an incubator. Finally, the number of living (green) and dead cells (red) were captured using a microscope (BX53; Olympus Corporation).



Real-time cell status assay

Aβ1–42 oligomers (AβOs) were obtained from Chinapeptides (04010011526, Chinapeptides). The synthesized monomeric peptides were dissolved in cooled 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and incubated for 60 min at room temperature, followed by placing the peptide–HFIP solution on ice for 10 min and drying at room temperature. The peptide was added to DMSO to form a peptide film, diluted with Ham's F12-free medium to a final concentration of 50 μM, incubated for 24 h at 4°C, and centrifuged at 14,000 rpm for 10 min, with the supernatant being the Aβ oligomers. Finally, it is freeze-dried to a powder. As previously reported (Rodriguez-Garcia et al., 2021), the effects of 4c and evodiamine on AβOs cytotoxicity were detected by a real-time cell analyzer (RTCA-DP, ACEA Biosciences Inc, USA). SH-SY5Y cells were inoculated in E-plates (ACEABiosciences, 00300600890) and cultured for 3 h to allow cell attachment. The medium was then replaced with another medium containing 25 μM AβO alone, 25 μM AβOs with 0.1 μg/ml 4c, or 25 μM AβOs with 0.1 μg/ml evodiamine, respectively. The plates were placed in a real-time cell analyzer under a CO2 incubator at 37°C for 200 h. The cell index (CI) was determined by measuring the cell-to-electrode responses of the cells attached to the E-plates, which represented the cell viability status and cell number. The CI was monitored every 15 min during the 200-h experiment time.



Western blotting

To detect AβOs by western blotting, brain tissues were homogenized in a TBS extraction buffer comprising protease inhibitor (87785, Thermo Fisher Scientific), 1 mM NaF, 50 mM Tris pH 7.4, phosphatase inhibitor cocktail (78420, Thermo Fisher Scientific), 150 mM NaCl, 1 mM NaVO3, and 1 mM phenylmethylsulfonylfluoride (PMSF, 36978, ThermoFisher Scientific) as reported by Zhang et al. (2017).

Western blotting was performed as previously described (Pang et al., 2021). The brain tissue homogenates were separated by SDS–PAGE and electroeluted onto nitrocellulose membranes (Immobilon NC; Millipore). The membranes were initially incubated with primary antibodies overnight (Table 1) followed by HRP-linked secondary antibodies. Finally, the proteins were visualized and analyzed. The antibodies and working dilutions are summarized in Table 1.


TABLE 1 Antibodies used in this study.
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Pathological assay

Mouse brain tissues were fixed, dehydrated, and embedded in paraffin and the sections were dewaxed according to a standard procedure. The sections were blocked in 1% BSA for 30 min and then incubated with primary antibodies (Table 1). Then, the sections were applied to immunofluorescent or immunohistochemical staining. For immunofluorescent staining, the sections were incubated with fluorescent secondary antibodies (Table 1) in a dark box for 1 h, washed with phosphate-buffered saline (PBS), and mounted with DAPI buffer (ZLI-9557, ZSGB BIO). For immunohistochemical staining, the sections were incubated with HRP-labeled secondary antibodies, washed with PBS, visualized with DAB peroxidase substrate, and mounted in neutral gum. The sections were then scanned under a digital slide scanner (Pannoramic250 FLASH, 3DHISTECH). Image quantification was performed using ImageJ as previously described (Luo et al., 2020).



Cognitive behavior analysis

After 1 month of treatment, the mice were subjected to the Y maze test according to the reported methods (Spangenberg et al., 2019). One mouse was placed in the Y maze for 5 min and its activity was recorded and analyzed by an Ethovision XT system (Noldus Ltd). The percentage of alternations among the three arms was calculated as actual alternations/maximum alternations × 100.

After the Y maze test, the mice were subjected to the Morris water maze (MWM) test according to the reported methods (Pang et al., 2020). For five consecutive days, the mice were trained to look for the platform. The latency in looking for the hidden platform was recorded. On day 6, the mice were placed in a heterolateral quadrant and allowed to explore freely for 60 s in the absence of the platform. During this time, the number of crossings to the previous platform region and target quadrant occupancy were recorded. A video-tracking system was used for recording and analysis.



Quantitative real-time PCR (qRT-PCR)

RNA was extracted using TRIzol reagent (15596018, Invitrogen) and used as the template for first-strand cDNA synthesis using a reverse transcription kit (RR047A, TaKaRa). Next, the cDNA was used for qRT-PCR using a QuanStudio™3 Real-Time PCR instrument (Thermo Fisher Scientific) with SYBR Green real-time PCR kits (RR820A, TaKaRa). We detected the mRNA expressions of Adam10, Snca, Caspase7, Ide, and Aph-1b; Gapdh expression was used for normalization. The primers for qRT-PCR are summarized in Table 2.


TABLE 2 Primers used in this study.

[image: Table 2]



RNA sequencing analysis

Mice treated with or without 4c were sacrificed and the hippocampal tissues were dissected. RNA isolation, library preparation, Illumina RNA sequencing, and data processing were performed as previously described (Lu et al., 2018). Genes with RPKM <1 were excluded and genes with a |fold change| >1 and a P-value of < 0.05 were considered differentially expressed.



Statistical analysis

We analyzed the data by two-tailed unpaired t-tests and a one-way ANOVA followed by Tukey's post hoc analysis. Data are presented as the mean ± SEM. A P-value of < 0.05 indicated a statistically significant difference.




Results


Synthesis of evodiamine derivatives

Starting from 6,7-dimethoxy-3,4-dihydroisoquinoline (5, Scheme 1), 5-nitrosalicylic acid was treated with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride in dichloromethane to give intermediate 6 (Yang et al., 2016). Reduction of 6 by 10% Pd/C under hydrogen resulted in 7. Target compounds 3a–k were furnished by the condensation of 7 with different acids, acyl chlorides, and isocyanates. The synthesis route for exchanging amides to obtain compounds 4a–j is depicted in Scheme 2. Intermediate 8 was prepared from dihydroisoquinoline 5 and 2-hydroxy-5-(methoxycarbonyl) benzoic acid, followed by hydrolysis to afford 9. Finally, compounds 4a–j were furnished by the condensation of acid 9 and different amines.


[image: Scheme 1]
SCHEME 1. Preparation of target compounds 3a–k. Reagents and conditions: (i) 5-nitrosalicylic acid, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, dichloromethane, rt; (ii) 10% Pd/C, hydrogen, methanol, and rt; (iii) 2-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, N,N-diisopropylethylamine, dichloromethane, and rt.



[image: Scheme 2]
SCHEME 2. Preparation of target compounds 4a–j. Reagents and conditions: (i) 2-hydroxy-5-(methoxycarbonyl) benzoic acid, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, dichloromethane, and rt; (ii) LiOH, methanol: H2O, and rt; and (iii) 2-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, N,N-diisopropylethylamine, dichloromethane, and rt.




Selection of evodiamine derivatives based on cytotoxicity and anti-H2O2 activity

To identify Evo derivatives with lower cytotoxicity and higher anti-H2O2 activity, the cytotoxicity of the derivatives and Evo in SH-SY5Y and HepaG2 cells was evaluated by measuring cell viability. Although several compounds exhibited lower cytotoxicity than Evo and the other derivatives (Figures 2A, B, n = 6), compounds 3d, 3g, and 4c significantly promoted SH-SY5Y cell proliferation (Figure 2A, n = 6; **P < 0.01). Furthermore, the anti-H2O2 activity of the derivatives and Evo in SH-SY5Y cells was assessed by measuring cell viability in the presence of H2O2. Compounds 3b, 3d, 3f, 4b, 4c, 4d, and 4g had higher anti-H2O2 activity than Evo and the other derivatives (Figure 2C, n = 6; *P < 0.05, **P < 0.01, and ***P < 0.001). Among all derivatives, 4c had the lowest cytotoxicity, the highest anti-H2O2 activity, and the greatest neuronal cell-proliferation-promoting effect and hence was selected for further study.


[image: Figure 2]
FIGURE 2
 Screening for the cytotoxicity and the anti-H2O2 activity of the evodiamine derivatives. (A, B) SH-SY5Y cells and HepaG2 cells were treated with Evo and Evo derivatives at concentrations of 1, 10, and 50 μg/ml for 24 h. The cytotoxicity of Evo and its derivatives was subsequently assessed by detecting cell viability using CCK8. (C) SH-SY5Y cells were co-incubated with 75 μM H2O2 and different concentrations of Evo derivatives (10−3, 10−2, and 10−1 μg/ml) for 24 h, and cell viability was quantified using CCK8. Data are represented as mean ± SEM, n = 6; *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control.




Compound 4c has a higher LD50 and activity against AβOs than evodiamine in vitro

The median lethal doses (LD50) of 4c and Evo in SH-SY5Y and HepaG2 cells were comparatively analyzed. The LD50 of 4c and Evo were 82.6 and 27.7 μg/ml, respectively, in SH-SY5Y cells (Figure 3A) and 57.1 and 18.6 μg/ml, respectively, in HepaG2 cells (Figure 3B). Thus, the LD50 of 4c in SH-SY5Y and HepaG2 cells was approximately two-fold higher than that of Evo. Next, the effective concentration of compound 4c against H2O2 in SH-SY5Y cells was determined by measuring the viability of cells treated with 10−4, 10−3, 10−2, 10−1, 1, or 10, or 50μg/ml 4c. The minimal and optimum effective concentrations of compound 4c against H2O2 in SH-SY5Y cells were 0.01 and 1 μg/ml, respectively (Figure 3C). The induction of cell death by H2O2 was assessed by calcein-AM/PI double staining, which showed that 4c protected SH-SY5Y cells from cell death at concentrations of 0.01, 0.1, and 1 μg/ml, whereas Evo had no apparent protective effect against cell death (Figure 3D). Furthermore, AβO cytotoxicity was evaluated using a real-time cell analyzer that monitors cell proliferation and viability status in real time. The results showed that compound 4c significantly reduced the AβOs cytotoxicity in SH-SY5Y cells (Figures 3E, F, n = 3; **P < 0.01 and ***P < 0.001).


[image: Figure 3]
FIGURE 3
 Determination of the LD50 of 4c and its effects against H2O2 and AβOs. (A, B) The viability of SH-SY5Y and HepaG2 cells was determined by CCK8 after 24 h of exposure to different concentrations of 4c (10−4, 10−3, 10−2, 10−1, 1, 10, 50, and 100 μg/ml) and Evo (10−4, 10−3, 10−2, 10−1, 1, 5, 10, and 50 μg/ml). The LD50 values of 4c and Evo were estimated from the concentrations that resulted in 50% cell viability compared with the vehicle control. Data are represented as mean ± SEM, n = 6. (C) SH-SY5Y cells were incubated with 75 μM H2O2 alone or co-incubated with 75 μM H2O2 and different concentrations of 4c or Evo (10−4, 10−3, 10−2, 10−1, 1, 10, and 50 μg/ml) for 24 h. Cell viability was subsequently quantified using CCK8 and normalized to the cell viability of the vehicle control. Data are represented as mean ± SEM, n = 6. (D) SH-SY5Y cells were incubated with 75 μM H2O2 alone and co-incubated with 75 μM H2O2 and different concentrations of 4c or Evo (10−2, 10−1, and 1 μg/ml) for 24 h. The cells were then stained with calcein-AM/PI, and living and dead cells were detected by green or red fluorescence, respectively. n = 3, Scale bar = 100 μm. (E) SH-SY5Y cells were co-incubated with 25 μM AβOs without or with 0.1 μg/ml 4c or Evo in a real-time cell analyzer for 200 h. The cell index, which represents the real-time cell status, was monitored by the analyzer and analyzed by the RTCA software. (F) The cell index of 4c at 200 h was significantly higher than that of Evo. n = 3; **P < 0.01, and ***P < 0.001.




Compound 4c improves working memory and spatial memory in 3 x Tg mice

We evaluated the effects of compound 4c on cognitive decline and Tau-dependent pathology in 3 x Tg mice, which develop more typical Tau phosphorylation than APP/PS1 AD mice (Billings et al., 2005; Yuan et al., 2011; Huber et al., 2018; Fang et al., 2019). Nine-month-old 3 x Tg mice were treated with or without 4c or Evo for 4 weeks (Figure 4A). The Y-maze tests showed that compound 4c significantly improved the working memory of 3 x Tg mice in a dose-dependent manner, with increases in the number of spontaneous alternations of 15.6 and 23.1% in a dose-dependent manner (Figure 4B, n = 12, ***P < 0.001). In the MWM test, treatment with 20 or 200 μg/kg showed that compound 4c significantly decreased the latent time before exploring the hidden platform, increased the number of platform crossings by 150 and 283.4%, respectively, and increased the target quadrant duration by 71.3 and 97.2%, respectively (Figures 4C–E, n = 12; *P < 0.05, **P < 0.01, and ***P < 0.001). These results showed that compound 4c significantly improved the spatial memory of 3 x Tg mice in a dose-dependent manner. In 3 x Tg AD mice, Evo showed a tendency to improve the working and spatial memories (Figures 4B, E, n = 12). Compound 4c did not alter the cognitive behavior of WT mice in the Y-maze and MWM tests (Figures 4B, E, n = 12), and neither 4c nor Evo affected the swimming speed and distance of the WT and AD mice (Figures 4F, G, n = 12).
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FIGURE 4
 Analysis of the cognitive behavior of 3 x Tg and APP/PS1 AD mice treated with 4c. (A) Schematic diagram of the experimental design for treating 3 x Tg-AD mice with 4c. Six groups of mice were treated every 2 days for 4 weeks: WT with 200 μg/kg 4c (WT-4c-H), WT with vehicle (WT), 3 x Tg with vehicle (3 x Tg), 3 x Tg with 20 μg/kg 4c (4c-L), 3 x Tg with 200 μg/kg 4c (4c-H), and 3 x Tg with 200 μg/kg Evo (Evo). (B) After treatment, all mice were subjected to the Y maze test and the percentage of alternations was calculated. (C) After the Y maze test, the mice were subjected to the MWM test and the latency to find the hidden platform during the 5-day training period was comparatively analyzed. (D, E) The number of platform crossings and time in the target quadrant during the probe trial on day 6 were recorded. (F–H) The distance, velocity, and track examples of the mice in the MWM test were recorded during the probe trial on day 6. Data are represented as mean ± SEM, n = 12; *P < 0.05, **P < 0.01, and ***P < 0.001. (I) Schematic diagram of the experimental design for treating APP/PS1 AD mice with 4c. Five groups of mice were treated every 2 days for 1 month: WT with 200 μg/kg 4c (WT-4c-H), WT with vehicle (WT), APP/PS1 with vehicle (APP/PS1), APP/PS1 with 200 μg/kg 4c (4c-H), and APP/PS1 with 200 μg/kg Evo (Evo). (J) After treatment, working memory was assessed by performing the Y maze test and analyzing the percentage of alternations. (K–M) The treated mice were subjected to the MWM test and the latency to find the hidden platform during the 5-day training period was recorded. On day 6, the spatial memory of the mice was evaluated by monitoring the number of platform crossings and time in the target quadrant. (N–P) The distance, velocity, and track examples of the mice in the MWM were recorded on day 6. Data are represented as mean ± SEM, n = 10; *P < 0.05 and **P < 0.01.




Compound 4c inhibits Tau hyperphosphorylation in 3 x Tg mice

In patients and mice with AD, Ser202/Thr205 (AT8), Thr231 (T231), and Thr181 (T181) of Tau are commonly phosphorylated sites (Hanger et al., 2007; Spillantini and Goedert, 2013; Fang et al., 2019). After the cognitive behavior analysis, the WT and 3 x Tg mice treated with vehicle, 200 μg/kg 4c, or 200 μg/kg Evo were sacrificed, and Tau phosphorylation in hippocampal tissues was assessed by immunohistological staining. Compared with 3 x Tg mice treated with vehicle, compound 4c reduced Tau hyperphosphorylation by 72.4 and 75.3% at T231 and 73.8 and 56.9% at T181 in the hippocampus and the hippocampal CA1 regions, respectively, and by 63.5% at AT8 in the hippocampal CA1 region in 3 x Tg mice (Figures 5A–H, n = 6; *P < 0.05, **P < 0.01, and ***P < 0.001). Compared with the 3 x Tg mice treated with vehicle, the 3 x Tg mice treated with Evo exhibited a mild reduction in Tau hyperphosphorylation (Figures 5D–H, n = 6).
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FIGURE 5
 Determination of Tau phosphorylation in brain tissues. After the MWM test, mice from the WT, 3 x Tg, 4c-H, and Evo groups were sacrificed, and brain tissues were sampled for histological staining. (A, B) Tau phosphorylation was detected via immunohistochemical staining with T231 and T181 antibodies in the mouse hippocampus (scale bar = 200 μm) and hippocampal CA1 region (scale bar = 20 μm). (C) Tau phosphorylation was detected using immunofluorescent staining with the AT8 antibody in the mouse hippocampal CA1 region (white arrowheads indicate AT8-positive cells, scale bar = 20 μm). (D–G) Tau phosphorylation as detected using T231 and T181 antibodies in the hippocampus and the hippocampal CA1 region was quantified by the density of staining using ImageJ. (H) Tau phosphorylation as detected by the AT8 antibody was quantified by red fluorescence. Data are represented as mean ± SEM, n = 6; *P < 0.05, **P < 0.01, and ***P < 0.001.




Compound 4c improves cognitive decline in APP/PS1 mice

The effects of 4c and Evo on cognitive decline were assessed in APP/PS1 mice that express the APPswe and PS1ΔE9 mutant genes and develop a more typical amyloid-dependent pathology than 3 × Tg AD mice (Billings et al., 2005; Tahara et al., 2006; Yuan et al., 2011; Huber et al., 2018; Fang et al., 2019). Seven-month-old APP/PS1 mice were treated with 200 μg/kg 4c or Evo or vehicle for 4 weeks (Figure 4I). After treatment, Y maze and MWM tests were performed. In the Y maze test, 4c treatment increased spontaneous alternations by 29.0% compared with the vehicle group (Figure 4J, n = 8; **P < 0.01). In the MWM test, 4c treatment reduced the time to look for the hidden platform, increased the number of platform crossings by 322.2%, and increased the target quadrant duration by 50.3% compared with the vehicle group (Figures 4K–M, n = 8; *P < 0.05 and **P < 0.01). In contrast, Evo did not improve the cognitive behavior of APP/PS1 mice in the Y-maze and MWM tests (Figures 4J–M, n = 8). Compared with WT mice, neither 4c nor Evo treatment altered the swimming speed and distance of APP/PS1 mice (Figures 4N–P).



Compound 4c reduces amyloid accumulation and glial cell aggregation in APP/PS1 mice

After the Y-maze and MWM tests, amyloid accumulation and glial cell aggregation were assessed in the cortex and the hippocampus of the APP/PS1 mice treated with vehicle, 4c, or Evo. Immunofluorescent staining with an anti-6E10 antibody showed that, compared with the vehicle, 4c treatment significantly reduced the Aβ plaque number by 54.1 and 54.1% and the Aβ area by 80.4% and 70.0% in the hippocampus and the cortex, respectively (Figures 6A–F, n = 6; ***P < 0.001). Furthermore, western blotting with an anti-6E10 antibody indicated that 4c treatment significantly reduced the accumulation of AβOs in the brain by 24.8% compared with the vehicle (Figures 6O, P, n = 3; *P < 0.05 and ***P < 0.001).
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FIGURE 6
 Observation of Aβ pathology in the brain in APP/PS1 mice. After the cognitive behavior evaluations, mice from the APP/PS1, 4c-H, and Evo groups were selectively sacrificed, and the paraffin sections of the brain were prepared by a standard pathological procedure. (A, B) Aβ in the cortex and hippocampus was observed by immunofluorescence staining with an anti-6E10 antibody (green) and counterstained with DAPI (scale bar = 200 μm). (C–F) The Aβ plaque area and plaque counts in the cortical and hippocampal regions were quantified by ImageJ (n = 9). (G, H, K, L) Microglia around Aβ plaques were observed by double immunofluorescence staining with anti-6E10 (green) and anti-Iba1 (red) antibodies in the cortex and hippocampus. The cell number of microglia around Aβ plaques was also counted (scale bar = 10 μm, n = 6). (I, J, M, N) The astrocytes around Aβ plaques were observed by double immunofluorescence staining with anti-6E10 (green) and anti-GFAP (red) antibodies in the cortex and the hippocampus, and the number of astrocytes around Aβ plaques was counted (scale bar = 10 μm, n = 6). (O, P) Low-molecular weight oligomers (LMW; 1–5 mers) of Aβ in brain tissues were detected by western blotting and quantified using ImageJ (n = 3). Data are represented as mean ± SEM; *P < 0.05 and ***P < 0.001.


Amyloid β (Aβ) deposition in the brain is accompanied by gliosis in patients and mice with AD (Münch et al., 2003; Frost and Li, 2017), and Aβ-dependent gliosis and inflammation reflect the degree of injury in AD (Kim et al., 2015). Microglia and astrocytes in the brains of APP/PS1 mice were detected by immunofluorescent staining with anti-6E10, anti-Iba1, and anti-GFAP antibodies. Compared with the vehicle, 4c significantly reduced microglial and astrocyte aggregation around Aβ plaques in the hippocampus and the cortex (Figures 6G–N, n = 6; ***P < 0.001). In contrast, Evo did not reduce amyloid accumulation or glial aggregation compared with the vehicle (Figures 6A–N, n = 6).



Compound 4c modulates the expression of AD-related genes in 3 x Tg mice

The effects of 4c on gene expression were investigated by performing an RNA sequencing (RNA-seq) analysis of the hippocampal tissues of three mice randomly selected from the 200 μg/kg 4c treatment group and the vehicle group. The two groups were compared to identify differentially expressed genes (DEGs), and 628 upregulated and 654 downregulated DEGs were identified in the 4c group (Figure 7A). The results of clustering and principal component analysis (PCA) showed that the 4c group and the vehicle group were distinct (Figures 7B, C). KEGG analysis showed that the DEGs were enriched in genes related to AD, insulin signaling, AMPK signaling, and oxidative phosphorylation (Figure 7D). The AD-related genes identified by RNA-seq were further confirmed by RT-qPCR, which verified the downregulation of Ide and Adam10 expression and the upregulation of Caspase7, Snca, and Aph-1b expression in 3 x Tg mice compared with WT mice. Treatment of 3 x Tg mice with 4c completely recovered these changes in gene expression (Figures 7E–I, n = 5; *P < 0.05, **P < 0.01, and ***P < 0.001).


[image: Figure 7]
FIGURE 7
 Transcriptome analysis of hippocampal tissues. Hippocampal tissues from 3 x Tg AD mice treated without or with 4c (i.e., 3 x Tg and 4c-H groups) were selected for transcriptome analysis. (A) Volcano plots of DEGs between the 3 x Tg and 4c-H groups. DEGs were identified by comparing 3 x Tg and 4c-H mice using fold change >1 and P-value < 0.05 as the cut-off (n = 3). (B, C) Hierarchical clustering and PCA analysis of the 3 x Tg and 4c-H groups were performed using the normalized RNA-seq read counts. (D) KEGG pathways enriched in the 628 and 654 genes that were upregulated and downregulated, respectively, in 4c-H mice compared with the 3 x Tg mice (n = 3). (E–I) AD-related genes (Ide, Adam10, Caspase7, Snca, and Aph-1b) were detected by RT-qPCR and compared among the WT, 3 x Tg, and 4c-H groups (n = 5). Data are represented as mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.




Compound 4c compensates the dysfunction of PI3K/AKT/GSK3β signaling in 3 x Tg mice

The insulin signaling pathway genes that were enriched in the KEGG analysis were used as seed genes for protein–protein interaction (PPI) network analysis. The PPI network constructed using STRING included 19 seed proteins and 25 interacting proteins in the insulin signaling pathway (Figure 8A) and suggested that compound 4c may modulate the PI3K/AKT/GSK3β signaling pathway. Confirming the involvement of the PI3K/AKT/GSK3β signaling pathway, we found that PI3K and AKT phosphorylation were inhibited and that GSK3β was activated in 3 × Tg mice treated with vehicle compared with WT mice (Figures 8B–E, n = 5; *P < 0.05 and **P < 0.01). Compared with the vehicle treatment, 4c treatment increased PI3K and AKT phosphorylation and inhibited GSK3β activation in 3 x Tg mice (Figures 8B–E, n = 5; *P < 0.05 and **P < 0.01).
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FIGURE 8
 Compound 4c activates the PI3K/AKT/GSK3β signaling pathway. (A) Protein–protein interaction network involving the AMPK signaling pathway. Compound 4c affected the 19 proteins shown in red, and 25 interacting proteins identified by the STRING search are shown in blue. (B) Effects of 4c treatment on p-PI3K, p-AKT, and p-GSK-3β protein expression in 3 x Tg mice. (C–E) Relative protein abundance of p-PI3K/PI3K, p-AKT/AKT, and p-GSK3β/GSK3β in each group. Data are the mean ± SEM, n = 5; *P < 0.05 and **P < 0.01 as indicated in the figure.




Compound 4c recovers PI3K/AKT/GSK3β/Tau dysfunction caused by Aβ in vitro

Aβ stimulation induces PI3K/AKT/GSK3β dysfunction and results in Tau phosphorylation by regulating the PI3K/AKT/GSK3β pathway (Jeon et al., 2015; Zhao et al., 2019). Consequently, the effect of 4c on this signaling pathway was examined in Aβ-treated SH-SY5Y cells. Aβ treatment reduced PI3K and AKT phosphorylation and increased GSK3β activation in SH-SY5Y cells (Figures 9A–D, n = 3; *P < 0.05 and **P < 0.01), resulting in Tau phosphorylation at AT-8 and T181 (Figures 9A, E, F, n = 3; *P < 0.05 and **P < 0.01). Treatment with 4c dramatically reversed PI3K/AKT/GSK3β dysfunction and Tau phosphorylation induced by Aβ (Figures 9A–F, n = 3; *P < 0.05 and **P < 0.01, ***P < 0.001). The effect of Evo on Tau phosphorylation was smaller than that of 4c. The ameliorative effect of 4c on Tau phosphorylation was further confirmed by an immunofluorescence assay (Figures 9G, H, n = 3; ***P < 0.001).


[image: Figure 9]
FIGURE 9
 Determination of PI3K/AKT/GSK3β and Tau phosphorylation in vitro. A Tau phosphorylation cell model was established by treating SH-SY5Y cells with 10 μM Aβ1-42, and the cells were treated without or with 4c (0.1 μg/ml) or Evo (0.1 μg/ml) for 24 h. (A) The phosphorylation of p-PI3K, p-AKT, p-GSK-3β, and Tau in SH-SY5Y cells was detected by western blot using antibodies recognizing AT-8, T181, and Tau5 (n = 3). (B–F) The phosphorylation ratios compared with total protein were estimated by ImageJ (n = 3). (G, H) Tau phosphorylation was detected by immunofluorescent staining with anti-T181 antibody (n = 9 fields). Data are represented as mean ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001.





Discussion

We previously demonstrated that Evo improves AD phenotypes in a mouse model (Yuan et al., 2011). However, Evo exhibits side effects such as a reduction in hepatic cell apoptosis and impairment of the cardiovascular system (Yang et al., 2017). To reduce this cytotoxicity, we synthesized several evodiamine derivatives, compounds 3a−3k and 4a−4j, via heterocyclic substitution using 1,2-dimethoxybenzene to substitute the indole ring. The introduction of amide groups while maintaining the oxygen atom was also investigated. Structurally, compounds 3a−3k and 4a−4j could be considered bioisosteres. Supporting our design strategy, the amide compounds containing the amine group (3i and 4c–i) displayed higher activities against H2O2 and AβOs in vitro with the exception of the double-substituted compound 4j. Compounds 3i, 4c, and 4c displayed lower toxicity than Evo. In particular, the LD50 of 4c in SHSY-5Y and HepaG2 cells was three-fold higher than that of Evo (Figure 2). Compound 4c also exhibited a lower effective dosage for reducing H2O2 cytotoxicity (Figure 2).

Based on these results, 4c was further evaluated in 3 x Tg mice and APP/PS1 mice, which present typical Tau pathology and amyloid-dependent pathology, respectively (Billings et al., 2005; Tahara et al., 2006; Yuan et al., 2011; Huber et al., 2018; Fang et al., 2019). Treatment with 4c significantly improved cognitive behavior disorder in both 3 x Tg mice and APP/PS1 mice, and the effective dose of 4c in APP/PS1 mice was 500-fold lower than that of Evo described previously (Yuan et al., 2011) (Figure 4). In addition, treatment of 3 x Tg mice with 4c significantly reduced the hyperphosphorylation of Tau at Ser202/Thr205, Thr231, and Thr181, the common sites of hyperphosphorylation in AD patients and AD mice (Hanger et al., 2007; Spillantini and Goedert, 2013; Fang et al., 2019) (Figure 5). In APP/PS1 mice, 4c treatment significantly reduced the number of senile plaques and amyloid accumulation in the brain and glial aggregation around the plaques (Figure 6), indicating improvements in Aβ-dependent gliosis and neuroinflammation (Kim et al., 2015).

Furthermore, the RNA-seq analysis showed that genes related to AD, insulin signaling, AMPK signaling, and oxidative phosphorylation were enriched in the hippocampal tissues of 3 x Tg mice treated with 4c (Figure 7). RT-qPCR confirmed that the changes in the expression of AD-related genes, including Ide, Adam10, Caspase7, Snca, and Aph-1b, in 3 x Tg mice were recovered by 4c treatment (Figure 7).

KEGG analysis of the RNA sequencing data indicated that the insulin signaling pathway play a role in the mechanism of action of 4c. The PI3K/AKT signaling pathway is an insulin signaling pathway that regulates glucose metabolism (Caruso et al., 2014). There is growing evidence that AD can be considered “type 3 diabetes” and that abnormal glucose metabolism is an important molecular event in the AD disease process (de la Monte and Wands, 2008; Sedzikowska and Szablewski, 2021). Interruption of the PI3K/AKT/GSK3β signaling pathway is a common event in the AD brain (de la Monte and Wands, 2008; Sedzikowska and Szablewski, 2021). The interruption of PI3K/AKT in AD may inhibit the mammalian target of rapamycin (mTOR), which is indirectly involved in amyloid accumulation (O' Neill, 2013; Cao et al., 2021; Querfurth and Lee, 2021). GSK3β is a typical downstream mediator that is inhibited by the PI3K/AKT pathway (Kitagishi et al., 2014). AKT dysfunction may cause abnormal GSK3β activation and Tau hyperphosphorylation in the brain of patients with AD (Takashima, 2006; Hanger et al., 2009; Querfurth and Lee, 2021). Overall, previous studies suggests that PI3K/AKT/GSK3β is a central signaling pathway in AD pathogenesis, namely, Aβ deposition and Tau hyperphosphorylation.

We found that 4c treatment recovered PI3K/AKT/GSK3β dysfunction in 3 x Tg mice (Figure 8). In SH-SY5Y cells, Aβ treatment reduced PI3K/AKT/GSK3β phosphorylation and induced Tau hyperphosphorylation, and 4c treatment ameliorated these effects of Aβ treatment (Figure 9). Our in vitro and in vivo results suggest that the recovery of PI3K/AKT/GSK3β dysfunction is an important mechanism by which 4c mitigates the pathological features of AD (Figure 10).


[image: Figure 10]
FIGURE 10
 The evodiamine derivative 4c improves AD pathology via the PI3K/AKT/GSK3β pathway. Compound 4c reversed the impairment of the PI3K/AKT/GSK3β signaling pathway in AD mice, thereby improving AD pathology (diagram was created with BioRender.com).




Conclusion

We successfully synthesized an Evo derivative, compound 4c, via heterocyclic substitution and amide introduction that had much lower cytotoxicity and higher activity. Treatment with compound 4c significantly improved the pathological features of AD in 3 x Tg mice and APP/PS1 mice and activated the PI3K/AKT/GSK3β pathway, a central signaling pathway related to AD pathogenesis. Overall, our results indicate that 4c is a prospective compound for AD therapy based on the recovery of the PI3K/AKT/GSK3β pathway dysfunction.
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