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Background: Bushen Tiansui Formula (BSTSF) is a traditional formulation of Chinese medicine that has been used to treat Alzheimer’s disease (AD) for decades; however, the underlying mechanisms by which this formula achieves such therapeutic effects have yet to be elucidated.
Prupose: To investigate the neuroprotective mechanisms of BSTSF against AD by analyzing metabolite profiles in the hippocampus and cortex of AD rats.
Methods: The rat models of AD were established by the injection of Aβ25–35. The Morris water maze (MWM) test was performed to evaluate the effect of BSTSF treatment on cognitive dysfunction. Hematoxylin and eosin (HE) staining was used to assess the effect of BSTSF on typical AD pathologies. Underlying mechanisms were investigated using LC-MS/MS-based untargeted metabolomics analysis of the cerebral cortex and hippocampus.
Results: BSTSF significantly improved memory deficits and the typical histopathological changes of AD rats. Untargeted metabolomics analysis showed that 145 and 184 endogenous metabolites in the cerebral cortex and hippocampus, respectively, were significantly different in the BSTSF group when compared with the AD group. The differential metabolites in the cerebral cortex were primarily involved in cysteine and methionine metabolism, while those in the hippocampus were mainly involved in d-Glutamine and d-glutamate metabolism.
Conclusion: In the present study, we confirmed the neuroprotective effects of BSTSF treatment against AD using a rat model. Our findings indicate that the BSTSF-mediated protective effects were associated with amelioration of metabolic disorders in the hippocampus and cerebral cortex.
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1 INTRODUCTION
Alzheimer’s disease (AD) is the most common form of dementia characterized by neurodegeneration and memory loss (Belfiore et al., 2019). At the present time, more than 47 million people are suffering from AD across the world; this number is expected to rise to 131 million by 2050 (Su et al., 2022). As the global society ages, AD has become a serious threat to humanity (Serneels et al., 2020). However, there is no effective treatment available for AD. Therefore, developing new therapies to treat AD is becoming ever more urgent.
Traditional Chinese Medicine (TCM) has been recognized and accepted as a potential and promising approach for the treatment of AD. Bushen Tiansui Formula (BSTSF, also known as “Naoling decoction”), a traditional formula of TCM is derived from Sagacious Confucius’ Pillow Elixir (Yi et al., 2020) and has been commonly used to treat AD in China for decades (Hou et al., 2019; Yi et al., 2020; Zhang et al., 2020). We have previously demonstrated that BSTSF can be used for the treatment of AD, potentially by ameliorating synaptic impairment by upregulating the expression levels of brain-derived neurotrophic factor (BDNF) and attenuating nerve inflammation (Hui et al., 2017; Xia et al., 2017). However, the neuroprotective mechanisms of BSTSF remain largely unclear, particularly in terms of the regulatory function of brain metabolism.
Metabolomics, as an important branch of the omics technologies, aims to provide a global understanding of metabolites in integrated living systems and dynamic responses to changes in both endogenous and exogenous factors. Numerous rapid and high-throughput techniques, such as nuclear magnetic resonance (NMR), liquid chromatography tandem mass spectrometry (LC-MS) and gas chromatography mass spectrometry (GC-MS) have been used in metabolomic studies (Cui et al., 2018). Due to its high sensitivity, versatility, and no need for chemical derivatization, and with the introduction of new ionization techniques, LC-MS/MS-based metabolomics has gained popularity in recent years (Shi et al., 2021). This technology could provide a new perspective for understanding the complicated mechanisms of diseases and for evaluating drug effects from a comprehensive and holistic point of view (Shao et al., 2020; Liu et al., 2021). Undoubtedly, metabolomics could provide integrative platforms to give a comprehensive interpretation of TCM mechanisms from a modern biological and medical view. The cerebral cortex and hippocampus are the earliest affected brain regions in AD (Lazarov and Hollands, 2016; Zheng et al., 2019). Increasing lines of evidence have demonstrated that metabolic disorders in the cerebral cortex and hippocampus play an important role in the pathogenesis of AD (Crist et al., 2021). Targeting these metabolic disorders in the cerebral cortex and hippocampus has emerged as a promising therapeutic strategy for AD. Therefore, we hypothesized that untargeted metabolomics of cerebral cortex and hippocampus is an exciting option for investigating the neuroprotective mechanisms of BSTSF.
In the study, we aimed to investigate whether BSTSF could regulate metabolic disorders of the cerebral cortex and hippocampus in AD, and to further elucidate the underlying neuroprotective mechanisms of BSTSF. First, we generated a rat model of AD by intracerebroventricularly injecting Aβ25-35. Next, we performed the Morris water maze (MWM) test to evaluate the effect of BSTSF on cognitive performance. Hematoxylin and eosin (HE) staining was conducted to evaluate the effect of BSTSF on histopathological changes. Finally, the role of BSTSF in regulating metabolic disorders in the cerebral cortex and hippocampus was revealed by untargeted metabolomics.
2 MATERIALS AND METHODS
2.1 Preparation of lyophilized BSTSF powder
The six herbal ingredients of BSTSF were purchased from Tongrentang (Beijing, China) and authenticated by Professor Sifang Zhang from the Second Xiangya Hospital of Central South University. The voucher specimens (Number TCM 20200369) were deposited at the Second Xiangya Hospital of Central South University. The six herbs Epimedium acuminatum Franch. (Yin-yang-huo), Fallopia multiflora (Thunb.) Harald. (He-shou-wu), Polygala tenuifolia Willd. (Yuan-zhi), Acorus tatarinowii Schott. (Shi-chang-pu), Plastrum testudinis (Gui-ban), and Ossa draconis (Long-gu), were dried and ground into a crude powder and mixed in proportion to obtain BSTSF. The freeze-dried BSTSF powder was prepared according to our previous publication (Yi et al., 2020). Briefly, the herbs were extracted under reflux with water for 2 h and 1.5 h, respectively. Then, the filtrates were pooled and dried using a vacuum-assisted freeze-drying apparatus, the obtained lyophilized powder was stored at 4°C. And the lyophilized powder of BSTSF was dissolved into a solution with distilled water for gavage. BSTSF was analyzed by LC/MS-Q-TOF in our previous study. The results showed that 2,3,5,4′-tetrahydroxystilbene-2-O-β-d-glucopyranoside (THSG) and Icariin were detected as primary components in BSTSF (Xia et al., 2017).
2.2 Animal modelling and treatment
Aβ25–35 was purchased from Sigma Chemicals (Sigma–Aldrich, Saint Louis, United States) and dissolved in deionized water at a concentration of 4 μg/μl. Adult male Sprague-Dawley (SD) rats (Hunan SJA Laboratory Animal Co. Ltd) weighing 180–220 g were used in this study. All rats were pathogen- and virus-free. After 7 days of adaptive feeding, rats were randomly divided into three groups: sham group, AD group, and BSTSF group. The AD rat model was induced as reported previously (Chen et al., 2021). In brief, rats were anesthetized and placed in a stereotaxic device. Rats in the AD group were injected with 5 μl of Aβ25–35 into the right lateral ventricle. Rats in the sham group were injected with sterile normal saline. Subsequently, the rats received oral gavage for 4 weeks. The BSTSF groups were orally administered with BSTSF at a dose of 27 g/kg/d; the two other groups were given the same volume of sterile normal saline. Our previous study explored the efficacy of three doses (9 g/kg/d, 27 g/kg/d, and 54 g/kg/d) of BSTSF, and the result revealed that this prescription owns optimal efficacy when it is administered at 27 g/kg/d; therefore, a dose of 27 g/kg/d was chosen for the experiments in the current study (Xia et al., 2017). All treatments were approved by the ethics committee of the Central South University (reference: 2020–0031).
2.3 Morris water maze task
The MWM was used to evaluate spatial learning and memory and was performed as described previously (Dinel et al., 2020). In brief, the procedure consisted of 5 days (24–28 days after Aβ25-35 infusion) of memory acquisition experiments and 1 day (day 29 after Aβ25-35 infusion) of spatial probe experiments. Behavior was automatically video-recorded by automated video tracking. The Super Maze Morris system (XR-XM101, Shanghai Softmaze Information Technology Co. Ltd., China) was used for recording and analysis.
2.4 Hematoxylin and eosin staining
At the end of the MWM tasks, the rats were anesthetized and perfused transcardially with 300 ml of stroke-physiological saline solution to remove blood. Brain tissue was harvested, fixed with 4% paraformaldehyde solution, embedded in paraffin, and cut into sections that were 4-5 µm thick. Then, the sections were stained with hematoxylin and eosin solution and sealed with neutral gum. Finally, pathological changes in the brain tissue were observed and photographed with an optical microscope.
2.5 Sample preparations for metabolomics
After the MWM tests, we harvested brain tissue and isolated the cerebral cortex and hippocampus; these were then stored at -80°C. Next, 30 mg samples were weighed and homogenized with 400 μl of methanol:water (4:1, v/v) solution. Then, the samples were vortexed, sonicated and centrifuged at 13000 rpm at 4°C for 15 min. The supernatants were then transferred to sample vials. We also prepared a quality control (QC) sample from pooled supernatants.
2.6 UPLC-Q-Exactive-MS/MS based metabolomics
2.6.1 Acquisition of LC-MS/MS data
UPLC-MS/MS analysis was performed on a Q-Exactive LC-MS/MS system (Thermo Scientific, Bremen, Germany). Chromatographic separations were performed on a ACQUITY UPLC HSS T3 column (100 mm × 2:1 mm, 1.8 μm). The mobile phase consisted of solvent A (0.1% formic acid in water) and 0.1% solvent B acetonitrile). The solvent gradient program was as follows: 0-3min, 95% (A): 5% (B) - 70% (A): 30% (B); 3-5min, 70% (A): 30% (B)—40% (A): 60% (B); 5-7min, 40% (A): 60% (B)—20% (A): 80% (B); 7-12min, 20% (A): 80% (B) - 0% (A): 100% (B); 12-16.5min, 0% (A): 100% (B)—95% (A): 5% (B). The column temperature was 45°C. The sample injection volume was 10 μl and the flow rate was 0.35 ml/min. All samples were stored at 4°C during analysis. The source temperature was 320°C and the declustering potential was 80 V. The shealth gas flow rate was set to 30 L/min in both positive and negative ion modes. The electrospray voltage was 3.5 kV in positive-ion mode and 3.1 kV in negative-ion mode.
2.6.2 Data processing and analysis
Pre-processing and analysis of the UPLC-MS data were performed as described previously (Yi et al., 2020). In brief, the data were collected in both positive and negative mode. All raw data were then loaded into Progenesis QI software (Waters, Milford, MA, United States) and SIMCA-P14.0 software (Umetrics AB, Umea, Vasterbotten, Sweden) for further analysis.
In order to conduct multivariate statistical analysis, Majorbio Cloud Platform (https://cloud.majorbio.com) and SIMCA-P 14.1(Umetrics, Sweden) was carried out for the principal components analysis (PCA) and orthogonal partial least-squares discriminate (OPLS-DA) analysis. Variable importance in the projection (VIP) > 1 and p < 0.05 were selected as candidate metabolites. Besides, significantly altered metabolite data were imported into MetaboAnalyst 5.0 to investigate the neuroprotective mechanisms of BSTSF treatment on AD. The impact value threshold calculated from pathway topology analysis was set to 0.10, and a raw p value <0.05 was regarded as significant.
2.7 Statistical analysis
Data are reported as the mean ± standard deviation (SD) and were analyzed by SPSS 20.0 software (IBM, Armonk, NY, United States). The escape latency was analyzed by separate repeated measures two-way analysis of variance (ANOVA). Other data were evaluated by one-way ANOVA. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 BSTSF improves cognitive impairment in Aβ25-35-induced AD rats
To investigate the effect of BSTSF on learning and spatial memory in AD rats, the MWM tests were performed 28 days after administration. As shown by the MWM tests, in the AD group, the swimming trajectory was regular and single, the number of platform crossings were reduced, and the escape latency was longer than that in the sham group (p < 0.01). However, in the BSTSF group, the swimming trajectory was disorderly, the number of platform crossings were increased (p < 0.05), and the escape latency was shorter than in the AD group (p < 0.01) (Figure 1). These results revealed that the AD rats exhibited impaired spatial cognition and that BSTSF treatment significantly alleviated the cognitive deficits of AD rats.
[image: Figure 1]FIGURE 1 | BSTSF ameliorates cognitive deficiency. (A) representative images of swimming paths; (B) time spent finding the hidden platform; (C) the number of platform crossings; (D) representative images of the frequency of motion track. Data are expressed as the mean ± SD (n = 5). ∗∗p < 0.01 vs. sham group; #p < 0.05, ##p < 0.01 vs. AD group.
3.2 BSTSF alleviated histopathological changes in the brains of Aβ25-35-induced AD rats
Morphological changes in the brains of experimental rats were examined by HE staining. As shown in Figure 2, the hippocampus and cortex neurons were organically aligned in the sham group; there was no evidence of pyknosis, hyperemia or swelling. However, in the AD rats, the cell density was decreased, cell arrangement was disordered, and there was clear evidence of pyknosis, hyperemia and swelling. After 28 days of treatment, it was evident that BSTSF had significantly prevented these pathological changes; the nerve cells were organically aligned and there was no evidence of pyknosis, hyperemia or swelling in the BSTSF group.
[image: Figure 2]FIGURE 2 | Representative images of HE staining in the cerebral cortex (A) and hippocampus (B). The magnification: (A) 20×, (B) 63×. The green arrows indicate sites of structural disorder and hyperemia, the red arrows indicate sites of the with pale and oval nucleus and more cytoplasm.
3.3 BSTSF treatment improved AD-related changes in metabolomic profiles of the cerebral cortex and hippocampus in a rat model of AD
3.3.1 Multivariate statistical analysis of metabolites
Based on the pharmacodynamic results, the metabolic profiles of the cerebral cortex and hippocampus in the three groups of rats were analyzed by UPLC-QTOF/MS in both ESI+ and ESI− modes. Then, we performed unsupervised principal component analysis (PCA) and orthogonal partial least square discriminate analysis (OPLS-DA) to evaluate the clustering trend. As shown in the PCA mode, a clear separation was observed between the three groups in both ESI+ and ESI− modes. The QC samples clustered together, thus indicating the stability and reproducibility of the instrumental analysis (Figures 3A,B,G,H). Then, we performed OPLS-DA to refine the separation between the three groups. As shown in an OPLS-DA score plot, there was a clear demarcation between each two groups in ESI + mode and ESI- mode (Figures 3C–F, I–L). The permutation test presented the excellent predictive ability and the models were not overfitting (Supplementary Figure S1). Cross-validated analysis indicated good fitness and predictability without overfitting. These results proved that the AD rat model had successfully been established and that the AD rats had developed metabolic disorders.
[image: Figure 3]FIGURE 3 | Multivariate data analysis of the cerebral cortex (A–F) and hippocampus (G–L). A-B and G–H: PCA score plots in negative-ion mode (A,G) and positive-ion mode (B,H); (C–F) and (I–L): OPLS-DA score plots between each two groups in positive- and negative-ion modes, respectively.
3.3.2 Identification of potential biomarkers
First, differentiated metabolites were identified by a variable importance projection (VIP) value > 1.0 and a p value <0.05. Approximately 137 and 56 metabolites in the cerebral cortex differed significantly between the AD and sham groups in the ESI+ and ESI− modes, respectively (Supplementary Table S1) while 105 and 40 metabolites in the cerebral cortex differed significantly between the BSTSF and AD groups in the ESI+ and ESI− modes, respectively (Supplementary Table S2). Similarly, in the hippocampus, a total of 134 and 39 differential metabolites were identified between the AD and sham groups in positive and negative ion mode, respectively (Supplementary Table S3). There were 111 and 73 differential metabolites identified between the BSTSF and AD groups in positive and negative ion mode, respectively (Supplementary Table S4).
Furthermore, the metabolites were classified by the HMDB database. The different colors represent different HMDB classifications while the area represents the relative proportions of metabolites in the classification. As shown in Figure 4A, 28.49% and 27.93% of the differential metabolites between the sham and AD groups were classified as organic acids and lipid metabolites in the cerebral cortex. After BSTSF treatment, 30.08% and 19.55% of the differential metabolites were organic acids and lipids (Figure 4B). In the hippocampus, 20.38% and 47.77% of the differential endogenous metabolites between the AD and sham groups were classified as organic acids and lipid metabolites. 19.76% and 35.71% of the differential metabolites between the BSTSF and AD groups were organic acids and lipids (Figures 4C,D). The classified organic acids and lipid metabolites are presented as a heat map in Figures 5, 6 and Supplementary Table S5,S6.
[image: Figure 4]FIGURE 4 | HMDB database classification. (A,C): differential metabolites in the HMDB database classification between the AD and sham groups; (B,D): differential metabolites in the HMDB database classification between the BSTSF and AD groups.
[image: Figure 5]FIGURE 5 | Heat map of differential metabolites in the cerebral cortex. (A) organic acid metabolites; (B) lipid metabolites.
[image: Figure 6]FIGURE 6 | Heat map of differential metabolites in the hippocampus. (A) organic acid metabolites; (B) lipid metabolites.
3.3.3 Metabolic pathway analysis
To investigate the possible mechanisms underlying the therapeutic effect of BSTSF on AD, we imported the differential metabolites into MetaboAnalyst 5.0 to perform pathway enrichment analysis; related pathways were identified by an impact value >0.1 and p <0.05. As shown in Supplementary Table S1, the 193 differential metabolites in the cerebral cortex identified between the sham and AD groups were predominantly involved in arginine biosynthesis, taurine and hypotaurine metabolism, glutathione metabolism, pantothenate and CoA biosynthesis, sphingolipid metabolism, cysteine and methionine metabolism, d-glutamine and d-glutamate metabolism (Supplementary Table S7, Figure 7A). The 145 differential metabolites identified in the cerebral cortex between the BSTSF and AD groups were predominantly involved in cysteine and methionine metabolism (Supplementary Table S7, Figure 7B). In the hippocampus, the differential metabolites between the AD and sham groups were mainly involved in glycerophospholipid metabolism (p < 0.05, impact >0.1). The differential metabolites identified between the BSTSF and AD groups were predominantly involved in the d-glutamine and d-glutamate metabolism pathways (p < 0.05, impact >0.1) (Supplementary Table S7, Figures 7C,D).
[image: Figure 7]FIGURE 7 | Enriched pathway analysis of the differential metabolites identified in the cerebral cortex (A,B) and the hippocampus (C,D). (A,C) enriched metabolic pathways between the AD and sham groups; (B,D) the enriched metabolic pathways between the BSTSF and AD groups.
3.3.4 Diagnostic performance of metabolites
To evaluate whether the differential metabolites could be used to distinguish AD model rats from BSTSF-treated rats, the key metabolites of cysteine and methionine metabolic pathway, as well as glutamine and glutamate metabolic pathway were chosen for classical univariate ROC curve analysis. Our results indicated that L-cysteine and d-glutamine might be used to distinguish AD group from BSTSF group (AUC = 0.9259, 95% CI 0.7951–1, Figure 8A; AUC = 0.94, 95% CI 0.8414–1, Figure 8B).
[image: Figure 8]FIGURE 8 | ROC curve analysis of AD group and BSTSF group.
4 DISCUSSION
This represents the first study to comprehensively investigate the mechanisms responsible for the therapeutic action of BSTSF on AD by the integrated metabolomics analysis of the cerebral cortex and hippocampus. Our results showed that Aβ25-35-induced AD model rats exhibited cognitive dysfunction and characteristic histopathological changes. Furthermore, there was a distinct metabolomic profile in the cerebral cortex and hippocampus of AD model rats. BSTSF treatment was shown to ameliorate AD-associated cognitive defects and histopathological changes by regulating cysteine and methionine metabolism in the cerebral cortex, along with glutamine and glutamate metabolism in the hippocampus (Figure 9).
[image: Figure 9]FIGURE 9 | A proposed metabolic pathway explaining the relationship between AD and BSTSF treatment in the cerebral cortex and hippocampus. Blue represents the related metabolic pathways in the cerebral cortex. Green represents the related metabolic pathways in the hippocampus. Abbreviations: BDNF, brain-derived neurotrophic factor.
A series of previous studies reported alterations in the levels of metabolites in the brains of both AD patients and model mice (Griffin and Bradshaw, 2017; Glenn et al., 2019; Cheng et al., 2021). In this study, a total of 193 metabolites were identified as differential endogenous metabolites with VIP >1 in OPLS-DA and p < 0.05 in the cerebral cortex of AD rats. After BSTSF treatment, 145 metabolites were shown to be significantly altered in the AD rats. Furthermore, cysteine and methionine metabolic pathways were identified. It has previously been demonstrated that cysteine and methionine metabolism is associated with neurodegenerative diseases (Abu Ahmad et al., 2019). In our study, the essential metabolic intermediates of cysteine and methionine metabolism showed key alterations; levels of L-methionine were reduced in AD rats, while the levels of L-cysteine and 3-Sulfino-L-alanine were increased. Research suggests that methionine might improve memory deficits and that severe methionine deficiency might cause dementia (Tapia-Rojas et al., 2015). In a previous case-control study, the levels of alanine in the cerebrospinal fluid were significantly increased in the AD group (Mochizuki et al., 1996). Cysteine has also been shown to be upregulated in post-mortem brain frontal cortex samples from AD subjects (Kalecký et al., 2022). After BSTSF intervention, we found that the levels of DL-methionine sulfoxide were increased while those L-cysteine were decreased. Accumulating evidence shows that the AD brain is under extensive oxidative stress (Park et al., 2021; Plascencia-Villa and Perry, 2021; Tamagno et al., 2021) and that methionine is recognized as an important antioxidant (Moskovitz et al., 2016). It has been reported that the formation of Aβ oligomers is attenuated by methionine oxidization and that the methionine oxidized form of Aβ has low toxicity (Fanni et al., 2022). Furthermore, L-cysteine can reduce the self-aggregation of Aβ (Jiang et al., 2020). Our results concurred with these previous findings and consolidated the function of cysteine and methionine metabolism in AD. These results indicated that changes in the levels of cysteine and methionine were rectified after AD rats were treated with BSTSF.
The metabolic pathway regulated by BSTSF in the hippocampus is that responsible for glutamine and glutamate metabolism. Glutamate and glutamine are the most abundant amino acids present in the brain and serve as major energy sources (Cooper and Jeitner, 2016). Glutamate is the main excitatory neurotransmitter in the central nervous system and can influence cognitive function by regulating neuronal growth and synaptic transmission and plasticity (Revett et al., 2013; Andersen et al., 2021). Changes in glutamate metabolism could have a major effect on neural function (Fontana, 2015). In this study, we discovered that the metabolism of d-glutamine and d-glutamate showed differences in the hippocampus when compared between the BSTSF group and AD group. Previous clinical trials and animal research have shown that the levels of glutamine and glutamate were decreased in the brains of both AD patients and animals. For example, a previous study reported that levels of L-glutamate were lower than normal in the cortex of patients who had died with senile dementia of the Alzheimer’s type (Greenamyre et al., 1985). Clinical trials reported that the levels of glutamine and glutamate were significantly reduced in the bilateral hippocampi of patients with AD (Shiino et al., 2012). Furthermore, Lin et al. measured the levels of glutamate in the hippocampus of APP/PS1 mice by using magnetic resonance spectroscopy and discovered that the levels of glutamate were lower in the APP/PS1 group than those in the control group. Furthermore, a recent paper indicated that the availability of L-glutamine decreased in the hippocampus after the chronic administration of scopolamine in animals with induced memory dysfunction (Cieślik et al., 2021). However, electroacupuncture has been shown to increase the levels of glutamate and improve the results of behavioral tests in 12 month-old APP/PS1 mice (Lin et al., 2018). Therefore, it is vital to maintain the glutamate homeostasis in cells to maintain energy metabolism in the brain; dysfunctional energy metabolism has been implicated in many neurodegenerative diseases. In this study, we found that L-glutamate was upregulated in the hippocampus of the BSTSF group. This indicates that BSTSF could ameliorate AD pathology by regulating glutamine and glutamate metabolism. It has been reported that BDNF could regulate the levels of glutamate. Accumulating evidence also demonstrates that BDNF exhibits a protective role against AD pathogenesis (Colucci-D'Amato et al., 2020; de Pins et al., 2019; Liao et al., 2021). BDNF has also been shown to enhance the release of neurotransmitters, including glutamate, via various different pathways (Jovanovic et al., 2000; Leal et al., 2014; Numakawa et al., 2014). In our previous study, we found that the levels of BDNF were decreased in the hippocampus of AD rats but increased following treatment with BSTSF (Sheng et al., 2020). Thus, the pathways related to glutamine and glutamate metabolism might play important roles in AD. Further research is now necessary to determine the precise functions and mechanisms of glutamine and glutamate metabolism in the pathological process of AD.
Owing to restrictions associated with the MetaboAnalyst pathway analysis, several important metabolites that are known to be highly related to AD were not included in the final pathway. However, we discovered that there was a disturbance of both sphingolipid and glycerophospholipid metabolism in the cerebral cortex and hippocampus of AD rats. Defects in sphingolipid metabolism and glycerophospholipid metabolism have been linked to numerous neurological diseases including AD, Parkinson’s disease and multiple sclerosis (Alaamery et al., 2021). Sphingolipid metabolism and glycerophospholipid metabolism are both forms of phospholipid metabolism. In our previous study, we found changes in the serum levels of phospholipids in AD rats (Zhang et al., 2020). Several previous studies have shown that ceramides, phosphatidylcholine (PC), and phosphatidylethanolamine (PE) levels were increased in AD (Haughey et al., 2010; Filippov et al., 2012; Calzada et al., 2016; Patrick, 2019). Interestingly, the levels of ceramides, PE and PC in the hippocampus were found to be decreased following BSTSF treatment in the present study. This was consistent with our previous studies and emphasized the importance of phospholipid metabolism in AD (Yi et al., 2020). Apolipoprotein E4 is a major determinant of brain phospholipid homeostasis. It is accepted that patients who possess the APOE4 allele, which plays role in amyloid beta aggregation and clearance, have an increased risk for developing AD (Durmaz et al., 2019; Pontifex et al., 2021). Researchers have also discovered that ApoE4 can regulate the expression of BDNF (Sen et al., 2015). Therefore, BSTSF might regulate phospholipid metabolism and BDNF expression via ApoE4, to exert therapeutic effects on AD.
Through integrated cerebral cortex and hippocampus metabolic analyses, we discovered that metabolic dysregulation occurred in the cerebral cortex and hippocampus of AD rat and identified the metabolism-related protective effects of BSTSF on AD. The major advantage of untargeted metabolomics is the discovery of novel metabolites in relation to the study context, and is thus considered as hypothesis-generating. Therefore, these potential metabolites in our project, for example L-cysteine and d-glutamine, could give us some hints or directions for further studies aiming at revealing the mechanisms of BSTSF treatment on AD in depth. However, there were some limitations in this study that should be considered. It is evident that there is a small overlap between the metabolites in the cerebral cortex and hippocampus, thus suggesting potential differences in different brain areas in relation to AD pathology. Hence, enhanced metabolomics technologies, such as targeted metabolomics and spatial metabolomics, are now needed to verify these new metabolite biomarkers and their spatial distributions.
5 CONCLUSION
In this study, we investigated the influence of BSTSF treatment on AD by combining metabolic profiling in the cerebral cortex and hippocampus. Many metabolites were shown to be involved in the development of AD and multiple metabolic pathways were significantly associated with AD. BSTSF appears to exert therapeutic effects on AD by regulating cysteine and methionine metabolism, d-glutamine and d-glutamate metabolism, and phospholipid metabolism. Collectively, our findings provide a fundamental basis for the clinical application of BSTSF and provides novel insight for treating AD.
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