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Proteomics analysis provides novel biomarkers and therapeutic target candidates in the treatment of the Huang-Pu-Tong-Qiao formula in an AD rat model
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Abstract: Background: Huang-Pu-Tong-Qiao formula (HPTQ), a traditional Chinese herbal formula, has a variety of pharmacological effects. It has been used to treat Alzheimer’s disease (AD) for decades. This study aimed to screen differentially expressed proteins in the hippocampus of AD model rats treated with HPTQ. Proteomic studies of the effects of HPTQ on AD are key to understanding the therapeutic mechanisms of HPTQ and identifying potential therapeutic targets. Methods: We hence used the isobaric tags for relative and absolute quantification (ITRAQ) approach to investigate the differentially expressed proteins in the hippocampus of AD model rats before and after HPTQ administration and to identify the potential therapeutic target proteins of HPTQ. In this study, the learning and memory abilities of AD rats were examined by the Morris water maze test. After HPTQ administration, the differentially expressed proteins in the hippocampus of AD rats were quantified and analyzed in silico. Furthermore, western blotting was used to verify the expression of related proteins. Results: The Morris water maze results showed that HPTQ could improve the learning and memory ability of AD model rats. The proteomics analysis results showed that 57 proteins were differentially expressed, of which 35 were up-regulated and 22 were down-regulated. Bioinformatics analysis indicated that proteins with altered expression after HPTQ treatment were involved in several biological processes that have the potential to exert neuroprotective effects. These included promoting the translation of ribosomes, improving the deposition of amyloid-beta (Aβ), regulating autophagy, regulating neuronal synaptic function and plasticity, and alleviating oxidative stress. Conclusion: In conclusion, we identified several potential therapeutic target proteins and related mechanistic pathways of HPTQ in the treatment of AD, laying the foundation for further investigation of the therapeutic effects of HPTQ.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative disease in the elderly. In recent years, the number of AD patients worldwide has been on the rise (Fjell et al., 2014). The World Alzheimer’s Report of 2021 reported that over 55 million people live with dementia worldwide, and the number of AD patients is predicted to reach around 78 million by 2030. The cognitive impairment, memory loss, and behavioral disorders caused by AD inevitably reduce the quality of life in patients and increase the financial burden on families and the national healthcare system (Lane et al., 2018). Senile plaques formed by the deposition of amyloid-beta (Aβ) and neurofibrillary tangles formed by aggregation of hyperphosphorylated Tau are two pathological markers of AD. The presence of both these manifestations indicates the activation of multiple pathogenic mechanisms and neuronal damage in the brain (Sharma et al., 2019; Busche and Hyman, 2020). Most single-target drugs developed over the years to reduce Aβ or hyperphosphorylated Tau have failed in recent clinical trials. The reason can be attributed to the fact that AD is a multifactorial disease and therefore drugs targeting a single AD target cannot achieve substantial therapeutic effects (Huang and Mucke, 2012; Knopman et al., 2021). A growing number of studies have shown that a multi-target combination is an effective treatment for AD (Cummings et al., 2019; Veitch et al., 2019; Kabir et al., 2020). Therefore, determining the integrated protein changes in the hippocampal region before and after drug administration in AD patients is important to elucidate the potential molecular mechanisms of drug therapy. The hippocampus is an important area of the brain responsible for memory function and cognitive ability. The systematic study of protein expression in the hippocampus is key to discovering the actual pathogenic mechanisms of AD and developing effective therapeutic drugs (Poll et al., 2020). The hippocampal proteins show different expression levels at different stages of AD, and these changes undoubtedly include neurodegenerative processes triggered by pathophysiological abnormalities and adaptive responses. Although many researchers have performed extensive experimental research on hippocampal disease-related genes and proteins, studies on the differentially expressed proteins in the hippocampal tissue after drug administration are still lacking.

Huang-Pu-Tong-Qiao formula (HPTQ) has been widely used for decades in treating AD at the First Affiliated Hospital of Anhui University of Traditional Chinese Medicine. HPTQ is composed of 6 herbs: Rheum, Acorus tatarinowiischott, Alpiniaeoxyphyllae fructus, Polygoni Multiflori Radix Preparata, Ligusticum wallichii, and Panax ginseng. Previous studies have found that HPTQ could reduce neuronal loss and improve AD symptoms. For example, it could reduce the over phosphorylated tau in AD model rats and primary hippocampal neurons cultured in vitro by inhibiting the calcium/calmodulin-dependent protein kinase IV (CAM-CAMKIV) pathway (Ye et al., 2020). The administration also reduced oxidative stress and inhibited the mitochondrial apoptosis pathway in AD model rats (Cai et al., 2018). In another study, it modulated the epidermal growth factor receptor (EGFR)- phospholipase Cγ (PLCγ) signaling pathway and inhibited calcium overload in neurons (Wang et al., 2020). Further, inhibition of the abnormal activation of the c-Jun N-terminal kinases (JNK) signaling pathway and reducing the inflammatory response in animal models were also documented (Jiang et al., 2019). These results confirm that HPTQ has a variety of pharmacological effects. However, the total protein expression changes in the hippocampus before and after HPTQ administration have not been documented to this date.

Proteomics is a method for systematically studying the total protein expression changes and an important tool for elucidating disease mechanisms and discovering potential therapeutic targets (Bai et al., 2020). With rapid biotechnological development, isobaric tags for relative and absolute quantification (ITRAQ), which is a quantitative proteomics method can be used to perform quantitative studies of protein expression (Li et al., 2017). Currently, proteomics is a major tool being used to study the therapeutic mechanism of Chinese Traditional Medicine and to identify disease-related proteins (Xu et al., 2019, 2020).

In this study, we established an animal model of AD with an intraperitoneal injection of D-galactose and an intracranial hippocampal injection of Aβ25-35. Isobaric tag for relative and absolute quantitation (ITRAQ) method based on ITRAQ Labeling, HPLC Fractionation, and LC-MS/MS analysis was used to identify the full range of proteins in rat hippocampal tissue samples, and the differentially expressed proteins were obtained by bioinformatics analysis (Rhein et al., 2009; Yang et al., 2012). The proteomics results were then further validated by western blotting (WB) experiments. This study aimed to identify the potential therapeutic target proteins and related mechanistic pathways of HPTQ and to provide a basis for the therapeutic potential of HPTQ.

Materials and Methods

Preparation of Huang-Pu-Tong-Qiao formula

HPTQ was soaked for 30 min with tenfold water content and boiled three times every 30 min for a total of 90 min. The boiled liquid was then collected, filtered, concentrated to a crude drug with the amount of 1 g/ml, and stored at 4°C for use. A ten-fold amount of water was added and refluxed for 2 h for the first time, and for the second time, an 8-fold amount of water was added and refluxed for 1.5 h. The solution was then collected, concentrated to 50 mg/mL, and stored at 4°C.

Animal model studies

A total of 30 male Sprague Dawley rats (250–300 g, 8–10 months old) were obtained from the Animal breeding base, Qinglongshan, Nanjing, China (Certificate no. SXCK (Su) 2017–0001). The model was established by the method previously described by Ye et al. (2020). A brief description is given below: during the week of acclimatization, the rats were housed in an environment with a temperature of 25°C–30°C and humidity of 40%–60%. The rats were then randomly divided into three groups: the control group (CTRL), the model group (MODEL), and the HPTQ group (1.41 g/kg, three times the clinical dose, calculated from the difference in the volumetric surface area between human and rat). Animal experiments were conducted for a total of 42 days, and rats in the MODEL and HPTQ groups were injected intraperitoneally with 100 mg/kg D-galactose once a day. After 14 days of animal experiments, rats in the HPTQ group were fed according to their body weight for 28 days. Intracerebral Aβ25-35 injection was administered to rats in the MODEL and HPTQ groups after 21 days of animal experiments. The cranial surface of rats was adjusted to a horizontal level and two positions: 2.2 mm on the left side and 2.2 mm to the right side were selected as injection sites based on 4.4 mm behind the fontanelle. A microinjector (Anting Scientific Instrument, Shanghai, China) was inserted 3.0 mm below the injection site, and 5 μL (10 μg) of Aβ25-35 was slowly injected into the left and right hippocampus of the rats, respectively. The detailed process has been shown in Fig. 1.
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Figure 1: The scheme of Huang-Pu-Tong-Qiao formula (HPTQ) treatment for AD rats. The experiment was divided into three groups: CTRL group, MODEL group and HPTQ group. The MODEL group and HPTQ group were intraperitoneally injected with d-galactose once a day for 42 days. After intraperitoneal injection of d-galactose for 14 days, in the HPTQ group, HPTQ was administered by gavage continuously for 28 days. On the 21st day, the MODEL and HPTQ groups were injected with Aβ25-35 in the bilateral hippocampal region. Finally, a behavioral test was performed with the Morris Water Maze in the last week.

Morris water maze test

The Morris water maze test was done after 38 days of the animal experiment (Vorhees and Williams, 2006). The experiment lasted for 5 days, including the navigation training for the first 4 days and the escape latency test on day 5. To summarize, during the navigation training, the rats were placed into one of the four quadrants and observed if they could reach the platform within 90 s. If the rats failed to find the platform within the required time, they were moved to the platform to memorize this location. For each quadrant, one navigation experiment was conducted on rats. On day 5, the rats were placed into water in the first quadrant only, and the time required for the rats to reach the platform was recorded.

Brain tissue preparation

After the Morris water maze test, rats were anesthetized intraperitoneally with 1.5% sodium pentobarbital (60 mg/kg). Brain tissues were promptly obtained after the rats were sacrificed, and bilateral hippocampus tissues inside the brain were isolated.

Protein identification

The rat hippocampal tissues were ground into a powder in liquid nitrogen and then mixed with 4 volumes of protein lysis buffer (8 M urea, 1 mM phenylmethylsulfonyl fluoride) and placed on ice for 5 min followed by ultrasonication for 15 min. Gradient centrifugation was then performed at 13,000 g for 15 min at 4°C to remove tissue debris in the mixed isolate. The protein concentration of the separated supernatant was quantified using the Bicinchoninic Acid Kit (Beyotime Biotechnology, Shanghai, China).

The supernatant samples were subsequently reduced with 5mM dithiothreitol at 56°C for 30 min and treated with 11 mM iodoacetamide at 25°C for 15 min in the dark. Then, 200 mM of Triethylammonium bicarbonate was added for diluting the samples to reduce the urea concentration to less than 2 M. Trypsin was added to the samples for a mass ratio of trypsin-to-protein: 1:50, and overnight digestion was performed. On the next day, secondary digestion was performed with a 1:100 mass ratio of trypsin-to-protein for 4 h. After trypsin digestion, Strata X C18 SPE column (Phenomenex, USA) was used to desalt and dry the peptides of samples. ITRAQ labeling of the peptides was performed by mixing the peptides with the labeling reagent from the ITRAQ kit (AB Sciex, USA) and placing them at 25°C for 2 h. Subsequently, the peptides were subjected to vacuum desalination and dehydration. High pH reversed-phase HPLC was performed using an Agilent 300Extend C18 (5 μm particles, 4.6 mm inner diameter, 250 mm length) system to fractionate peptides into fractions. In the liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis, the peptides were mixed with the solvent I (0.1% formic acid and 2% acetonitrile) and combined with solution II (0.1% formic acid, 90% acetonitrile) on the EASY-nLC 1000 UPLC system. The gradient of peptide separation was set to increase the ratio of solution II from 9% to 80% within 40 min, and the flow rate was set at 400 nL/min. The separated peptides were ionized in the nanospray ionization (NSI) ion source and the tandem mass spectrometry analysis was performed in a Q ExactiveTM Plus system (Thermo, China). The Orbitrap was used to detect and analyze a full scan of the peptide and their secondary fragments. The automatic gain control was selected as 5E4. Scan options were set to a full scan range of 400–1500 m/z at 70,000 resolutions. The fragments of the peptides were identified by setting a scan range of 100 m/z at 17,500 resolutions. Data-dependent acquisition was used as the collection method and the maximum signal value was set to 63000 ions/s. The dynamic exclusion time was set to 30 s and the injection time was limited to 64 ms.

Database search

The data obtained in the LC-MS/MS analysis were processed using the Maxquant search engine (v.1.5.2.8). The analytical conditions were set according to the requirements of the proteomics. The database was Rattus_norvegicus_10116_PR_20191115 (29938 sequences). Protein quantification was performed using the iTRAQ-4plex method and the false discovery rate was adjusted to less than 1%.

Gene ontology analysis

Proteomics data were compared with the UniProt-GO database (http://www.ebi.ac.uk/GOA/) using gene ontology (GO) analysis to obtain protein information and classify the proteins according to their characteristics. The identified protein IDs from the experimental data were converted to GO IDs using the website tools. Protein sequences that did not annotate in the UniProt-GOA database were annotated using InterProScan software. Based on the obtained GO annotation data, proteins were classified into three categories: biological process, cellular component, and molecular function. GO enrichment analysis was performed afterward using a two-tailed Fisher’s exact test to determine the enrichment degree of various GO annotations in proteins and identify the number of proteins with the corresponding GO ID. The enrichment with a corrected p-value < 0.05 was considered to be statistically significantly different.

Kyoto encyclopedia of genes and genomes pathway analysis

The related protein pathways information from proteomics was annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/). Pathway results of proteins were annotated using the KAAS tool on the website and the annotated pathways were then compared with the KEGG mapper database to obtain protein pathway data. A two-tailed Fisher’s exact test was used to identify pathways with significant enrichment and their degree of enrichment. The pathway with a corrected p-value < 0.05 was considered to be statistically significantly enriched.

Establishment of the protein-protein interaction network

The Protein-Protein Interaction (PPI) network was constructed using the STRING 11.0 database (https://string-db.org/), followed by network topology analysis and visualization of the obtained results using Cytoscape 3.9.1. This was done to understand the interactions between differentially expressed proteins and identify key genes linked to HPTQ in the treatment of AD.

Western blot analysis

The total protein of the hippocampus was extracted from the samples, and the protein concentration was measured using a protein quantification kit (Sparkjade Scientific, China). The total protein was electrophoresed on 8%–12% sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels (Bio-Rad, USA) and subsequently transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% skim milk for 2 h, followed by overnight incubation with relevant antibodies at 4°C. On the next day, the membrane was incubated with the HRP-conjugated goat anti-rabbit IgG for 2 h at 25°C. The protein bands in the membrane were visualized using electrochemiluminescence (ECL; Affinity, UK) and analyzed on the Tanon 5200 gel imager (Tanon, China). The rabbit anti-rat monoclonal antibodies against (Carboxylic ester hydrolase) ACHE, CaM kinase-like vesicle-associated (CAMKV), and Regulating synaptic membrane exocytosis protein 4 (Rims4) were obtained from Affinity (1:1000, Affinity, UK), Peroxisomal membrane protein 4 (Pxmp4) antibody was obtained from LSBio (1: 800, LSBio, China), and the GAPDH antibody was obtained from Zen bio (1:5000, Zen bio, China). The goat anti-rabbit IgG was obtained from Zen bio (1:20000, Zen bio, China). Fig. 2 demonstrates the entire experimental protocol.
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Figure 2: Schematic diagram of the present study. The animals in the MODEL and Huang-Pu-Tong-Qiao formula (HPTQ) groups were prepared by Alzheimer’s Disease (AD) rat models. After the behavioral test, hippocampus samples were extracted from the MODEL and HPTQ groups. After trypsin digestion, the samples were subjected to isobaric tags for relative and absolute quantification (ITRAQ)-based proteomics techniques to identify the full range of protein species. Subsequently, the differentially expressed proteins were obtained by database search and bioinformatics analysis was performed to elucidate the potential molecular mechanisms. Finally, four proteins were validated by Western blot analysis.

Statistical Analysis

The SPSS version 23.0 was selected as the data analysis software for this experiment. Data results were expressed as mean ± standard deviation (SD). The Independent samples t-test was used to compare the means between two groups while one-way analysis of variance (ANOVA) and Least Significance Difference (LSD) were used to compare the means of multiple groups. The results with a p-value < 0.05 were considered to be statistically and significantly different while one-way analysis of variance (ANOVA) and Least Significance Difference (LSD) were used to compare the means of multiple groups. The results with a p-value < 0.05 were considered to be statistically and significantly different.

Results

Learning and the memory ability of AD model rats

The Morris water maze was performed to evaluate the spatial reference memory of rats. The results showed that rats in the MODEL group took longer to reach the platform than those in the CTRL group (p < 0.01, Fig. 3), while rats in the HPTQ group took less time to reach the platform compared to the MODEL group (p < 0.01, Fig. 3).

[image: images]

Figure 3: Effects of Huang-Pu-Tong-Qiao formula (HPTQ) on learning and the memory ability of Alzheimer’s Disease (AD) rats. (A) The escape latency of rats in CTRL, MODEL, and HPTQ groups; (B–D) Path diagram of the escape latency for CTRL, MODEL, and HPTQ groups. Values are expressed as the mean±SD. **p < 0.01, vs. CTRL group; ##p < 0.01, vs. MODEL group.

Differentially expressed proteins in the rat hippocampus

We used proteomics analysis based on ITRAQ quantification to successfully obtain protein expression levels in AD rat models before and after HPTQ administration. A 1.2-fold cutoff value was used as the threshold of the difference in the degree of protein expression levels, and a p-value < 0.05 was used as the threshold of significance. Comparative quantification of the hippocampus between the HPTQ and the MODEL groups revealed that 57 proteins were significantly differentially expressed. These, included 35 proteins with upregulated expression (61%) and 22 proteins with downregulated expression (39%, Fig. 4). All differentially expressed proteins in the HPTQ and Model groups have been shown in Table 1 ranked by the degree of expression differences.

[image: images]

Figure 4: Total differentially expressed proteins in Huang-Pu-Tong-Qiao formula (HPTQ) and MODEL groups. The differential proteins detected included both up- and down-regulated proteins. The number of the upregulated proteins was larger than that of downregulated proteins, suggesting that HPTQ could promote protein synthesis.
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Bioinformatics analysis of differentially expressed proteins

Based on GO analysis, the differentially expressed proteins in the HPTQ and MODEL groups were classified into three categories: biological process, cellular compartment, and molecular function, as shown in Figs. 5A–5C. In biological process, the GO analysis with the largest number of differentially expressed proteins included cellular processes (50.9%), single biological processes (40.4%), biological regulation (40.4%), metabolic processes (38.6%), and responses to stimuli (29.8%) were significantly enriched. In the molecular function, the GO terms with the largest number of differentially expressed proteins were binding (70.2%), catalytic activity (24.6%), structural molecule activity (17.5%), transporter activity (8.8%), and molecular function regulator (7.0%). The cellular components showed that proteins were mostly located in the cell (75.4%), organelle (68.4%), membrane (43.9%), macromolecular complex (36.8%), and extracellular region (29.8%). GO enrichment analysis was used to analyze the differentially expressed proteins in the HPTQ and MODEL groups, the enrichment results have been shown in Figs. 6A–6C. Biological processes were enriched in regulation of heterotypic cell-cell adhesion, blood coagulation, fibrin clot formation, antimicrobial humoral response, skeletal muscle tissue regeneration, response to X-ray, tissue regeneration, negative regulation of hemostasis, maternal process involved in female pregnancy, regulation of wound healing, protein activation cascade, protein-DNA complex assembly, DNA packaging, defense response to bacteria, DNA conformation change, nucleosome organization, chromatin assembly or disassembly, regulation of response to wounding, protein processing, reproductive structure development, and reproductive system development. The enrichment analysis of GO cellular components revealed that the identified proteins were mainly involved in fibrinogen complex, nucleosome, DNA packaging complex, replisome, nuclear replisome, DNA replication factor A complex, protein-DNA complex, platelet alpha granule, cytosolic large ribosomal subunit, cytosolic ribosome, external side of plasma membrane, large ribosomal subunit, ribosomal subunit, cytosolic part, chromosome, chromosomal part, ribosome, extracellular space, non-membrane-bounded organelle, and intracellular non-membrane-bounded organelle. In terms of molecular function, there was significant enrichment in single-stranded DNA binding, protein binding and bridging, histone binding, cysteine-type endopeptidase activity, binding and bridging, cation-transporting ATPase activity, calcium-dependent protein binding, structural constituent of ribosome, structural molecule activity, and DNA binding.
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Figure 5: Three classes of differentially expressed proteins analyzed by Gene Ontology (GO). (A) Biological Process; (B) Molecular Function; (C) Cellular Component.
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Figure 6: Enrichment analysis of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). (A) Biological Process; (B) Molecular Function; (C) Cellular Component; (D) KEGG enrichment analysis. GO and KEGG enrichment analysis using two-tailed Fisher’s exact test. The results with a p-value < 0.05 were considered to be statistically and significantly different.

Next, KEGG pathway analysis revealed that the proteins with a differential expression before and after HPTQ administration were involved in 51 kinds of signaling pathways. These included Alzheimer’s disease, Ribosome, Autophagy-animal, Apoptosis, Peroxisome, Parkinson’s disease, Complement and coagulation cascades, Oxidative phosphorylation, Glycolysis/Gluconeogenesis, Huntington’s disease, cGMP-PKG signaling pathway, cAMP signaling pathway, HIF-1 signaling pathway, FoxO signaling pathway, Calcium signaling pathway, NOD-like receptor signaling pathway, Proteasome, Glutamatergic synapse, mTOR signaling pathway, and Cholinergic synapse. KEGG enrichment analysis identified five pathways, of which Antigen processing and presentation, Complement and coagulation cascades, Ribosome, and Oxidative phosphorylation were associated with AD, as shown in Fig. 6D.

Subsequently, the Protein-Protein Interaction (PPI) network results showed the interconnection between differentially expressed proteins. The results obtained from the analysis of the STRING database indicated that a total of 46 differentially expressed proteins had interactions, among which 60S ribosomal-related proteins, Fga, Fgb, Ctsb, S100a4, CAMKV, and Rims4 were associated with AD pathogenesis, as shown in Fig. 7.
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Figure 7: Protein Interaction (PPI) network construction. The larger the node, the more important it is in this network, the thicker the connection line between nodes, and the stronger the interaction between nodes.

Western blotting results

Finally, the results of proteomic assays were further validated by Western blot analysis. The expression levels of four differential proteins CAMKV, ACHE, Rims4, and Pxmp4, were consistent with that obtained in the proteomics analysis. The protein bands and the expression ratios are shown in Fig. 8.

[image: images]

Figure 8: Effect of Huang-Pu-Tong-Qiao formula (HPTQ) on the protein expressions of ACHE, Pxmp4, CAMKV, and Rims4 in Alzheimer’s Disease (AD) rat models. (A) The protein bands of the indicated proteins; (B) These graphs show the relative expression of Carboxylic ester hydrolase (ACHE), Peroxisomal membrane protein 4 (Pxmp4), CaM kinase-like vesicle-associated protein (CAMKV), and membrane exocytosis protein 4 (Rims4). Values are expressed as the mean ± SD (n = 3). *p < 0.05, vs. MODEL group.

Discussion

In this study, we applied the ITRAQ-based proteomics approach and performed a comparative proteomics analysis of the hippocampus in AD model rats after HPTQ treatment. The AD rat model was established using intraperitoneal injections of D-galactose combined with an intraventricular injection of Aβ25-35. The Morris water maze results pointed at the ability of HPTQ to improve learning memory in AD model rats. Subsequently, the ITRAQ results showed 57 differentially expressed proteins in hippocampal tissues of the HPTQ and MODEL groups, of which 35 proteins were upregulated (61%) and 22 proteins were downregulated (39%). This result indicated that the protein expression level in the hippocampal tissue of AD rats was enhanced after HPTQ treatment. To elucidate the potential molecular mechanisms of HPTQ for the treatment of AD, we analyzed the effect and mechanism of proteins by GO analysis and KEGG analysis and assessed the degree of association between proteins through the construction of PPI networks and KEGG enrichment analysis. AD-related biological functions of differentially expressed proteins obtained by bioinformatics analysis included DNA transcription and mRNA translation, coagulation, fibrin clot formation, regulation of autophagy, inhibition of cholinesterase, improvement of neuronal survival, anti-inflammation, and alleviation of oxidative stress. In addition, the PPI network showed significant associations between most of the differentially expressed proteins. Some differentially expressed proteins with potential neuroprotective effects have been selected for further analysis.

Ribosomal protein is an important constituent of the ribosome unit. The main function of the ribosomes is to participate in the assembly and translation of protein ribosomes. In neurodegenerative diseases, ribosomal dysfunction leads to impaired protein biosynthesis (Ding et al., 2005; Ding et al., 2006). For instance, pathological Tau protein formation in AD-induced ribosomal dysfunction led to reduced protein synthesis (Meier et al., 2016). It was found in another study that the levels of 60S ribosomal protein subunits were significantly decreased in Tau-induced frontotemporal dementia mice compared to the normal group (Evans et al., 2021). Moreover, after the Aβ1-42 intervention, the phosphorylation of Tau protein led to reduced protein transcription and translation levels by inducing ribosomal dysfunction in SHSY5Y cells (Maina et al., 2018). In this study, the KEGG enrichment analysis indicated that the ribosomal pathway was significantly enriched and the PPI network showed that several genes of the 60S ribosomal protein subunits occupied the center of the network and interacted with other differentially expressed proteins. The expression of L7, L14, L18, L18Aa, L19, and L13 of 60S ribosomal protein subunits was upregulated in the HPTQ group. Combined with the results of our previous study in which we found that HPTQ could reduce the level of pathologically phosphorylated Tau protein in AD rat models (Ye et al., 2020), we suggest that HPTQ could play a neuroprotective role by enhancing protein biosynthesis through restoring ribosomal dysfunction in AD. The complement and coagulation cascade pathways involved in Fga and Fgb proteins were found to be significantly enriched in the KEGG enrichment analysis. Fibrinogen alpha chain (Fga) and Fibrinogen beta chain (Fgb) are proteins that are closely associated with vascular diseases, and play an essential role in thrombosis, wound healing, and other biological functions (Simurda et al., 2020). The protein expression levels of Fga and Fgb were previously reported to be positively correlated with the degree of Aβ deposition in AD humans and mice brains (Bian et al., 2021). Interestingly, our proteomics results showed that the protein expression levels of Fga and Fgb were decreased after HPTQ treatment. Therefore, Fga and Fgb might be potential therapeutic targets for HPTQ in reducing Aβ deposition.

Autophagy is a clearance mechanism that degrades abnormal or redundant intracellular components to promote cell survival. The ability of autophagy activation in AD to eliminate abnormal Aβ deposition and phosphorylated Tau tangles makes autophagy a vital mechanism for neuronal cell protection (Nilsson et al., 2013; Liu et al., 2015). Among the differentially expressed proteins obtained by proteomics analysis, Histone cluster 1 H1 family member (Hist1h1d) and Cathepsin B (Ctsb) were closely associated with autophagy. Hist1h1d is a histone family member responsible for gene transcription and protein folding. The up-regulated expression of Hist1h1d in neurons promoted Aβ clearance through autophagy (Bastrup et al., 2021). As an important cysteine protease in lysosomes, Ctsb was shown to be involved in several pathways connected with neuroinflammation and injury, including the autophagy pathway, lysosomal pathway, apoptotic pathway, and nucleotide-binding oligomerization domain (NOD)-like receptor signaling pathway associated with the NLRP3 inflammasome. A previous study has shown that overexpression of Ctsb led to lysosomal damage, causing autophagy dysfunction and the activation of the NLRP3 signaling pathway, ultimately leading to neuronal inflammation (Wang et al., 2017). In addition, the antigen processing and presentation pathways involving Ctsb were significantly enriched in the KEGG enrichment analysis, where the MHC II pathway could eventually generate pro-inflammatory CD4+ T cells (Monsonego et al., 2013). A study showed that over-activated CD4+ T cells in AD lead to excessive immune responses and promote the formation of β-secretase, which cleaves APP and forms pathological Aβ (Dai et al., 2021), while Ctsb has been shown to positively affect the activity of the MHC II pathway (Ma et al., 2022). Therefore, the reduction of the Ctsb expression level can reduce the overexpression of CD4+ T cells in AD and alleviate the inflammatory response of neurons. Among the obtained proteomics data, we found that the Hist1h1d levels were significantly increased and the Ctsb levels were significantly decreased after HPTQ treatment. Taken together, the above results suggest that HPTQ can regulate the expression of Hist1h1d and Ctsb, both of which might be potential therapeutic targets for HPTQ to exert its neuroprotective effects.

To validate the results of ITRAQ quantitative proteomics, four proteins showing high variation in expression, ACHE, CAMKV, Pxmp4, and Rims4, were screened and validated by western blotting analysis. ACHE hydrolyzes acetylcholine, and a normal ACHE expression is necessary for the brain to maintain healthy neuron signal transmission. The cholinergic system of the AD brain is defective, and over-activation of cholinesterase leads to decreased synaptic acetylcholine levels and ultimately to various neurodegenerative symptoms (Schliebs and Arendt, 2011; Ferreira-Vieira et al., 2016; Ahmed et al., 2017). Currently, cholinesterase inhibitors are an important class of drugs for the treatment of AD and have shown efficacy in clinical trials for the treatment of mild and moderate AD. In this study, the expression level of ACHE was decreased in the HPTQ group, indicating that the administration of HPTQ in AD has the effect of inhibiting ACHE and restoring the normal function of the cholinergic system. CAM kinase-like vesicle-associated protein (CAMKV) is a synaptic protein that belongs to the calmodulin-dependent protein kinase family and does not possess kinase activity. CAMKV plays an essential role in learning and memory by regulating dendritic spine generation, synaptic transmission, and neural plasticity (Liang et al., 2016). Combined with the recovery of spatial memory ability shown in the water maze experiment and increased levels of CAMKV expression in the HPTQ group in the proteomics data, we surmised that CAMKV is a potential therapeutic target of HPTQ to improve spatial memory deficits in AD rats. Peroxisome membrane protein 4 (Pxmp4) is an essential component of the peroxisome and is responsible for many redox reactions (Reguenga et al., 1999). KEGG pathway analysis showed that Pxmp4 is involved in the metabolism of reactive oxygen species (ROS) through the peroxisome pathway. A recent study has reported that excessive elevation of ROS could lead to oxidative stress and neuron loss in vitro (Angelova and Abramov, 2018). Pxmp4 has an important role in reducing the excess ROS in AD and maintaining redox homeostasis in neuron cells (Singh et al., 2019). The upregulation of peroxisome level in AD mice was shown to improve spatial memory, reduce Aβ deposition, and restore the impaired synaptic function (Inestrosa et al., 2013). In our results, the high expression of Pxmp4 after HPTQ treatment indicates that HPTQ could attenuate oxidative stress and promote the maintenance of redox homeostasis in neuronal cells of AD rats, which is consistent with our previous findings (Cai et al., 2018). The protein regulating synaptic membrane exocytosis protein 4 (Rims4) is critical in regulating neurosynaptic activity (Mittelstaedt et al., 2010). Previous studies have confirmed the important role of Rims4 in neuronal arborization and dendritic spine development as the knockdown of Rims4 protein reduced the complexity of neuronal arborization and caused abnormal axonal and dendritic growth (Alvarez-Baron et al., 2013). Up to now, the relationship between Rims4 and AD has not been studied, but the important role of Rims4 in neuronal axons and dendrites combined with the decrease of Rims4 expression level after HPTQ treatment suggest that Rims4 is a potential therapeutic target of HPTQ in AD treatment. Finally, our results showed S100-A4(S100a4), a protein that belongs to the multifunctional S100 protein family, is another potential therapeutic target (Donato et al., 2013). S100A4 has multiple functions in the nervous system. For example, it promoted neuronal survival in brain injury by regulating neuronal plasticity through the NRG/ErbB4 and ErbB2/Akt pathways (Pankratova et al., 2018). In another study, the interaction of S100a4 with cell surface heparan sulfate proteoglycans could increase the Ca2+ concentration in primary neuronal cells and modulate neuronal plasticity (Kiryushko et al., 2006). In addition, S100A4 could also exert antioxidant effects through the IL-10 receptor/Janus kinase/Signal Transducers and Activation Transcription system (IL-10R/JAK/STAT3) pathway to treat neuronal loss induced by brain injury (Dmytriyeva et al., 2012). Combining the neuroprotective role of S100a4 in neurodegeneration with our proteomics results, we believed that S100a4 could be an important therapeutic target of HPTQ in the treatment of AD.

Conclusion

Previous clinical results and studies have demonstrated that HPTQ can alleviate neuronal damage and improve AD symptoms by modulating multiple cellular mechanisms. However, the molecular targets of HPTQ have not yet been comprehensively studied. Hence, this study analyzed the data obtained from ITRAQ-based proteomic experiments conducted on the HPTQ and the Model groups to identify potential HPTQ therapeutic targets in AD rats. The proteomics analysis suggested that the effect of HPTQ in AD was achieved by improving the deposition of Aβ, regulating autophagy, inhibiting ACHE, regulating neuronal synaptic function and plasticity, reducing ROS damage, and alleviating oxidative stress. Furthermore, our findings suggested that HPTQ could promote protein biosynthesis in neurons and upregulate protein expression in the hippocampus of AD model rats. In conclusion, we analyzed several potential therapeutic targets and therapeutic mechanisms of HPTQ in AD treatment. In light of our findings, we believe that this study could provide a theoretical basis for the use of HPTQ in the treatment of AD.
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TABLE 1

Protein Gene name Description MW Ratio HPTQC/MODEL
accession [kDa] p-value
Q5GF25 Manea Glycoprotein endo-alpha-1,2-mannosidase 53.416 2.101 3.08E-07
P11662 Mtnd2 NADH-ubiquinone oxidoreductase chain 2 38.652 0.594 0.00053869
Q3KRC3 Srpra SRP receptor subunit alpha 69.656 1.65 0.0029248
MOR7B4 Histlhld Histone cluster 1 H1 family member d 22233 1.632 0.00074335
AOAOG2K2I2  Ache Carboxylic ester hydrolase 58.976 0.626 0.0157358
D3ZK97 H3f3¢ Histone H3 15.358 1.552 0.00176208
FILVL4 — Ig-like domain-containing protein 13.04  0.654 0.0035835
D3ZIF0 Ztp512 Zinc finger protein 512 63.958 1.52 0.00061789
D3ZME3 — Gp_dh_N domain-containing protein 13.04  0.664 0.00050489
P01836 — Ig kappa chain C region, A allele 13.04  0.669 0.0041958
B1IWBRS Fbxl4 F-box and leucine-rich repeat protein 4 70.158 0.67  0.040558
AO0AO0G2K1R5 CAMKV CaM kinase-like vesicle-associated protein 54.121 1.492 8.23E-07
P59382 Pxmp4 Peroxisomal membrane protein 4 24.136  1.467 0.0044613
P62804 H4c2 Histone H4 11.367 1.458 0.00012048
FIM5V2 Glipr2 GLI pathogenesis-related 2 18.985 1.451 0.000158371
P05942 S100a4 Protein S100-A4 11.776  1.436 0.00127687
AOAOG2K4K2 — Ig-like domain-containing protein 13.04  0.704 0.0082029
Q68A21 Purb Transcriptional activator protein Pur-beta 33.532  1.404 0.00075673
G3V7U02 Mapla Microtubule-associated protein 1 A, isoform CRA_c 299.66 0.715 0.00051803
D3ZHY4 Glyatl3 Glycine-N-acyltransferase-like 3 32958 1.38 0.0014963
F1IM7Z9 Rims4 Regulating synaptic membrane exocytosis protein 4 2674 073 0.035524
P07154 Ctsl Procathepsin L 37.66  0.743 0.0121809
F1LSW7 Rpl14 60S ribosomal protein L14 23322  1.335 1.55E-06
AOAO0G2JUX5 Purb Transcriptional activator protein Pur-beta 33.532  0.753 0.00041617
P04218 Cd200 OX-2 membrane glycoprotein 31.088 132 4.49E-05
AOA0G2K5U0 Fancd2 Fanconi anemia group D2 protein homolog 163.79 1313 3.27E-06
A0A0G2JZX3  Svop Synaptic vesicle 2-related protein 60.526 1.306 0.0091048
P36201 Crip2 Cysteine-rich protein 2 22.696 0.768 0.0094447
F1M842 Tp53bpl Tumor protein p53-binding protein 1 212.86 0.769 0.0148601
BOK031 Rpl7 60S ribosomal protein L7 30.313  1.299 4.15E-05
P62718 Rpl18a 60S ribosomal protein L18a 20.732  1.298 0.00126406
F1LN42 Tnsl Tensin 1 20391 1.295 0.0140599
AOAO0G2JX]J7  Esytl Extended synaptotagmin-1 121.1 1.288 0.046564
P31000 Vim Vimentin 53.732  1.287 0.000156235
FIM2E9 (Rpl13) 60S ribosomal protein L13 24.069 1.278 0.00034113
AOAQUIRRP5 Shank3 SH3 and multiple ankyrin repeat domains protein 3 (Fragment) 186.37 0.786 0.0019444
A0A0G2K9I8 LOC100361025 Protein arginine methyltransferase 1-like 40.503  0.788 0.036724
D4ABB2 Mlcl Megalencephalic leukoencephalopathy with subcortical cysts 1 44305 1.268 0.0023218
homolog (Human) (Predicted)
QO6IFW7 Krt28 Keratin 28 41.325 1.255 0.0130394
D3ZBS2 Itih3 Inter-alpha-trypsin inhibitor heavy chain H3 99.066 1.254 0.00094381
Q3MID9 Ogfr Ogfr protein 63.769 0.802 0.00087659
Q5EBC7 Rabep2 Rab GTPase-binding effector protein 2 61984 1246 0.011783
AOAOH2UHS?7 Rpl18 60S ribosomal protein L18 21.786  1.242 1.85E-05
B5DFN6 Bod1 B9 domain-containing protein 1 15158 1.242 0.04558
AOAOG2JXY3 — Uncharacterized protein 13.04 124 0.0025236
Q7TQ70 Fga Fibrinogen alpha chain 86.656  0.807 0.000156664
B2RZ37 Reep5 Receptor expression-enhancing protein 5 21.431 1.228 0.00035603
P84100 Rpl19 60S ribosomal protein L19 23466 1222 0.00106195
B2GUV5 Atp6vlgl V-type proton ATPase subunit G 13.71  0.819 0.005861
Q64542 Atp2b4 Plasma membrane calcium-transporting ATPase 4 133.09 1221 0.00178064
P14480 Fgb Fibrinogen beta chain 54.235 0.821 4.32E-05
Q6PIV7 Psmel Proteasome (Prosome, macropain) activator subunit 1 28.635 0.823 0.000118456
P07150 Anxal Annexin Al 38.829 1.213 0.048678
P12075 Cox5b Cytochrome c oxidase subunit 5B, mitochondrial 13.915 0.827 0.00033821
Q6IN22 Ctsb Cathepsin B 37.544 0.827 0.0028967
FIMAHG6 Cdh11 Cadherin 11 88.035 1.205 0.00027963
Q6P747 Hplbp3 Heterochromatin protein 1-binding protein 3 60.806 1.202 1.77E-05
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