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Background: Chaihu-Shugan-San is a classical prescription to treat depression. According to the traditional Chinese medicine (TCM) principle, the 2 decomposed recipes in Chaihu-Shugan-San exert synergistic effects, including Shu Gan (stagnated Gan-Qi dispersion) and Rou Gan (Gan nourishment to alleviate pain). However, the specific mechanism of Chaihu-Shugan-San on depression and its compatibility rule remain to be explored.
Objective: We aimed to explore the anti-depression mechanisms and analyze the advantage of TCM compatibility of Chaihu-Shugan-San.
Methods: The chronic unpredictable mild stress (CUMS) rat model was established. Antidepressant effects were evaluated by sucrose preference test (SPT), and forced swimming test (FST). Tandem Mass Tag (TMT)-based quantitative proteomics of the hippocampus was used to obtain differentially expressed proteins (DEPs). Bioinformatics analysis including Gene Ontology (GO), pathway enrichment, and protein-protein interaction (PPI) networks was utilized to study the DEPs connections. At last, the achieved key targets were verified by western blotting.
Results: Chaihu-Shugan-San increased weight gain and food intake, as well as exhibited better therapeutic effects including enhanced sucrose preference and extended immobility time when compared with its decomposed recipes. Proteomics showed Chaihu-Shugan-San, Shu Gan, and Rou Gan regulated 110, 12, and 407 DEPs, respectively. Compared with Shu Gan or Rou Gan alone, the expression of 22 proteins was additionally changed by Chaihu-Shugan-San treatment, whereas the expression of 323 proteins whose expression was changed by Shu Gan or Rou Gan alone were not changed by Chaihu-Shugan-San treatment. Bioinformatics analysis demonstrated that Chaihu-Shugan-San affected neurotransmitter’s release and transmission cycle (e.g., γ-aminobutyric acid (GABA), glutamate, serotonin, norepinephrine, dopamine, and acetylcholine). GABA release pathway is also targeted by the 22 DEPs. Unexpectedly, only 2 pathways were enriched by the 323 DEPs: Metabolism and Cellular responses to external stimuli. Lastly, the expression of Gad2, Vamp2, and Pde2a was verified by western blotting.
Conclusions: Chaihu-Shugan-San treats depression via multiple targets and pathways, which may include regulations of 110 DEPs and some neurotransmitter’s transmission cycle. Compared with Shu Gan and Rou Gan, the 22 Chaihu-Shugan-San advanced proteins and the affected GABA pathway may be the advantages of Chaihu-Shugan-San compatibility. This research offers data and theory support for the clinical application of Chaihu-Shugan-San.
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INTRODUCTION
Depression is one of the most pervasive, disabling, and expensive of all neuropsychiatric disorders (Porcu et al., 2020). According to the report of WHO, depression will rank as the first reason for global disease burden in 2030 (Malhi and Mann, 2018). Despite large efforts are put into developing therapies for depression, western medications are still invalid in myriad cases and regularly cause insufferable side effects (Duman and Aghajanian, 2012).
Therefore, the formulas of Traditional Chinese medicine (TCM), as an essential alternative and complementary medicine, are gaining more and more enthusiasts among the patients (Wang et al., 2017). The formulas of TCM have been widely utilized to recover the harmony disturbed in diseases through multi-target synergistic functions of its corresponding components, hence qualified and efficacious for the treatment of complicated diseases such as depression (Yeung et al., 2014). Considerably, increasing clinical evidence demonstrates the desirable efficiency of the prescription of TCM in treating depression (Peng et al., 2015; Chi et al., 2019; Wang et al., 2019). Since ancient times, Chaihu-Shugan-San, a classic TCM prescription was written in Jing Yue Quan Shu, has been extensively utilized in Chinese clinical applications for the treatment of depression (Liu et al., 2020). It consists of 7 crude herbs, namely Chai Hu (Bupleurum chinense DC.), Chen Pi (Citrus reticulata Blanco), Xiang Fu (Cyperus rotundus L.), Zhi Qiao (Citrus × aurantium L.), Chuan Xiong (Ligusticum striatum DC.), Bai Shao (Paeonia lactiflora Pall.), and Gan Cao (Glycyrrhiza uralensis Fisch.) in a specific ratio of 4: 4: 3: 3: 3: 3: 1 (Table 1). All plant names or species were validated using http://www.theplantlist.org/. Modern studies show that Chaihu-Shugan-San has significant clinical efficacy in depression (Kim et al., 2005; Li et al., 2010; Wang et al., 2012; Qiu et al., 2014a; Qiu et al., 2014b). Our previous studies suggest that regional cerebral blood flow perfusion defects and clinical symptoms of depression can be improved by Chaihu-Shugan-San, the mechanisms involve reversing the hypothalamic-pituitary-adrenal (HPA) axis hyperfunction (Qiu et al., 2014a). Other researches support that Chaihu-Shugan-San exerts antidepressant effect by increasing monoamine neurotransmitters, regulating brain-derived neurotrophic factor (BDNF), and affecting the BDNF-TrkB-ERK/Akt signalling pathway (Li et al., 2009; Qiu et al., 2014b; Liu Q. et al., 2018; Chen et al., 2018). Despite these researches, the mechanisms of the multi-component Chaihu-Shugan-San are far from being fully understood, which limits its application.
TABLE 1 | Composition and corresponding ratio of Chaihu-Shugan-San, Shu Gan, and Rou Gan.
[image: Table 1]From the perspective of TCM theory, a formula is composed of several compatibility groups that exert different but synergistic functions (Zhang et al., 2015). Clinically, strive to achieve the best therapeutic effect and minimal side effects, TCM doctors would combine traditional Chinese medicinal material groups according to TCM theory. Through organic integration, the TCM prescription has applicability to deal with the disease complexity. In TCM theory, depression is considered to be Gan-Qi stagnation and further would be upgraded as Gan malnutrition (Scheid, 2013). Chaihu-Shugan-San can disperse stagnated Gan-Qi and nourish Gan to alleviate pain because consists of 2 recipes: Shu Gan, which disperses stagnated Gan-Qi; and Rou Gan, which nourishes Gan to alleviate pain (Table 1) (Qiu et al., 2014b). However, the mechanisms of the TCM theory-based synthetic effects of Rou Gan and Shu Gan subdivisions in Chaihu-Shugan-San are not reported.
Chaihu-Shugan-San improves depression outcomes via multi-targets and multi-pathways (Li et al., 2009; Qiu et al., 2014b; Li et al., 2014). Considering the complex changes in protein expression in vivo during depressive states, proteomics is considerably potent for monitoring the dynamic alternations (Zhang J. et al., 2016). The technique is a method for accurately detecting the changes of protein in disease states and after treatment by drugs (Zhang L. et al., 2016). Previous proteomic researches of postmortem depression cases and rodent depression models have shown dysfunctions of energy metabolism, synaptic plasticity, neurogenesis, and neurotransmission (Zhang et al., 2018). Collectively, proteomics provides holistic insights into the disease- and drug-driven pathway alteration, which in turn gains evidence to identify treatment targets. Thus, this strategy is hopeful to better understand the multiple mechanisms of Chaihu-Shugan-San and its decomposed recipes in depression treatment, which has not been published before.
In the current investigation, Tandem Mass Tag (TMT) labeling quantitative proteomics was carried out to explore the hippocampus proteins in the rats having chronic unpredictable mild stress (CUMS) and to analyzed the differentially expressed proteins (DEPs). With the bioinformatics method, we next elucidated the underlying mechanisms of Chaihu-Shugan-San in treating depression and compared the effects of Chaihu-Shugan-San with those of its decomposed recipes (Shu Gan and Rou Gan). Our study will highlight the synthetical anti-depressive superiority of the Chaihu-Shugan-San formula.
MATERIALS AND METHODS
Preparation of Chaihu-Shugan-San, Shu Gan, and Rou Gan
The composition and corresponding ratio of Chaihu-Shugan-San and its decomposed recipes (Shu Gan and Rou Gan) are listed in Table 1. The herbs were acquired from Hunan Zhenxing Chinese Medicine Co., Ltd (Hunan, China. Drug Manufacturing Certificate: NO.20150021, Drug GMP certificate: HN20150147). The authentication of the purchased herbs was performed via Professor Peng Lei, Department of Chinese herbal medicine of Central South University (CSU, Changsha, China). At Xiangya Hospital of CSU, their voucher samples were deposited. The herbs were soaked in 25°C water for 0.5 h, then heated to 100°C and boiled for 30 min. The first filtrate was collected in a beaker. The medicine herb residue in the same volume of water was refluxed and for 30 min was heated, then the second filtrate was collected. The above 2 filtrates were integrated and filtered by the 5-layered cotton gauze. The concentrated solution was stored at 4°C (Yan et al., 2020).
Detection of the Chaihu-Shugan-San Components Utilizing Ultra-Performance Liquid Chromatography
The measurement of UPLC chromatographic was conducted while employing a Waters ACQUITY UPLC series supplied with a quaternary pump, a diode array detector (PDA), an online degasser, and an autosampler controlled by Empower2. For chromatographic separation, Waters BEH C18 column (2.1 × 50 mm, 1.7 μm) was utilized. The mobile phase included acetonitrile (A) and acetic acid (pH = 3.5) (B). The curves of gradient elution were: 0–10 min, 5%A: 95%B; 10–20 min, 15%A: 85%B; 20–30 min, 30%A: 70%B; 30–40 min, 50%A: 50%B; 40–45 min, 70%A: 30%B; 45–50 min, 80%A: 20%B. The PDA was set at 190–480 nm. The parameters were set as follows: Column temperature: 40°C; Injection volume: 3 ul; Flow rate: 0.5 ml/ min.
Animal Experimental Design
Male Sprague-Dawley (SD) Specific pathogen-free (SPF) rats (180–220 g) were procured from the Experimental Animals Centre of CSU, Changsha, Hunan. The rats were accommodated 3 per cage and received water and food ad libitum in circumstances of the normal light-dark cycle, room relative humidity (40–60%), room noise (30–50 dB), and room temperature (19–25°C). The rats adapted for 7 days and were divided into 6 groups randomly: Control, Model, Fluoxetine, Chaihu-Shugan-San, Shu Gan, and Rou Gan (n = 8 per group).
After the 7 days habituation period, except for rats in the control group, the procedure of CUMS was performed on all of the animals (Antoniuk et al., 2019). The procedure of CUMS was already designed and explained with slight changes (Xing et al., 2019). The CUMS-induced rats were held in individual cages for 4 weeks and subjected to different stressors (a random stressor per day): no water (1 d), no food (1 d), wet cage (1 d), hot swimming (5 min, 45°C), tail pinch (5 min), restraint stress (3 h), cold swimming (5 min, 4°C), cage tilting (1 d), light or dark (1 d), noise stimulus (2 h). To ensure unpredictability of stressors, the rats did not face a similar stressor on 2 consecutive days.
All drugs were intragastrically administered daily after 2 weeks CUMS as follows: Chaihu-Shugan-San 6 g/ kg; Shu Gan 4 g/kg; Rou Gan 2 g/kg; Fluoxetine 1.8 mg/ kg; distilled water 10 ml/ kg for 2 weeks. The capsules of fluoxetine hydrochloride were bought from Lilly Suzhou Pharmaceutical Co., Ltd (20 mg/granules, Batch number: J20170022). The dosage of the drugs administered to the rats were converted from that of a 70 kg-adult (All procedures were shown in Figure 1).
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental procedure.
Body weighing, food intake measurement, forced swimming test (FST), and sucrose preference test (SPT) on each rat were conducted on day 1, 14, and 28 of the experiment, respectively (Xing et al., 2019). On day 28, after the SPT, the rats were anesthetized intraperitoneally with 3% pentobarbital sodium (65 mg/ kg) and then perfused transcardially with 0.9% sterile saline (250 ml, 4°C). Hippocampus is the key brain region for stress response and emotion regulation (Snyder et al., 2011). Therefore, hippocampi were rapidly taken out and stored at a −80°C refrigerator.
Our experiments were performed conform to the National Guidelines for Experimental Animal Welfare (MOST, PR China, 2006), which possessed complete approval from the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC Intl.). The experimental processes were complied with the guidelines of laboratory animal care and confirmed through the Medical Ethics Committee of CSU (Approval number: 2020sydw0892).
Weight Gain and Food Intake
The weight and food consumption of each animal were assessed, then the values from the same time (Day 1, 14, and 28) were compared among the 6 groups. Weight change (%)= (weight-weight on day 1)/weight on day 1 × 100% (Li et al., 2005).
Behavioral Tests
Behavioral alterations were assessed by the FST and the SPT, which are classical behavioral tests that measure core symptoms of depression and have been extensively executed to evaluate the efficacy of the antidepressant drug (Xing et al., 2015; Hu et al., 2017; Xing et al., 2019).
SPT
The test was carried out as already explained with a slight change (Xing et al., 2019; Yan et al., 2020). The trial was initiated by training the rats for adapting to 1% sucrose solution (w/v). Following the adaptation, rats were not allowed access to water and food for 1 day. Rats were presented with 2 bottles: the 2 bottles were filled with 200 ml water and 1% solution of sucrose, respectively. Sucrose preference (%) = sucrose consumption/(sucrose consumption + water consumption) × 100%. Water and sucrose solution consumption in 1 h were assessed via subtracting the weight of the bottles.
FST
As described previously, in the pretest, the animals were transferred into a plexiglass cylinder (25 cm in diameter, 45 cm deep) with a depth of 35 cm water for 15 min (23–25°C) (Xing et al., 2019). Approximately 1 d after the pretest, the rats were reintroduced into the same cylinder separately. The rats were forced to swim for 6 min and in the last 4 min, the time of immobility was recorded. Following each session of swimming, by using a clean towel, the rats were thoroughly dried, and after 20 min of resting were returned to their home cage.
TMT Labeled Quantitative Proteomics
As described in Figure 2, hippocampi were removed for TMT labeling and protein extraction after the 2-weeks gavage period. Then, LC-MS/MS were utilized to acquire raw data and carried out the analysis.
[image: Figure 2]FIGURE 2 | Schematic representation of the hippocampus protein profiling. (GO: Gene Ontology. RCT: Reactome pathway. PPI: Protein-Protein Interaction. WB: Western blotting).
Protein Sample Preparation and TMT Tag Labeling
Hippocampus samples were homogenized in the working liquid (the RIPA lysate mixed with a protease inhibitor). Next, the centrifuge of the samples was done for 15 min at 14000 g (4°C). The supernatants were transferred to the tubes of EP and the concentration of protein was calculated via the kit of BCA Quantification (Thermo Scientific, United States). The 100 μg proteins per sample were subjected to reduction, alkylation, acetone precipitation, and re-solution. The achieved peptides attained from each group were tagged with TMT-127N, TMT-128N, TMT-129N, TMT-130N, and TMT-131 respectively. TMT labeling was carried out conforming to the protocol of the producer (Thermo Scientific, United States).
Reversed-phase High pH Fractionation
Desalination of the peptides with TMT labels obtained from five groups was carried out using a C18 column (Dr. Maisch, Germany). Next, the peptides were gathered and dried by vacuum. The 100 μg peptide samples were separated by reversed-phase HPLC (Thermo Scientific, United States) at pH = 10. Chromatographic column: 150 mm × 2.1 mm (waters, XBridge BEH C 18 XP Column); Mobile phases A: 10 mM ammonium formate aqueous solution, pH = 10; Mobile phases B: 10 mM ammonium formate, 90% ACN, 10% H2O, pH = 10. Liquid phase gradient 120 min, mobile phase B: 5% for 2 min, 5–28% for 78 min, 28–50% for 12 min, 50–80% for 2 min, 80% for 4 min, 80–5% for 2 min and 5% for 20 min. One fraction was collected in 40 s intervals. A total of 180 fractions were collected and combined to obtain 20 fractions. The fractions were subjected to dried by vacuum and followed by storage at −80°C.
LC-MS/MS Analysis
For each group, 1 μg of peptides were divided via the system of nano-UPLC liquid phase system (EASY-nLC1200) and the detection was executed via the mass spectrometer of Q-Exactive (Thermo Finnigan) with 2 technical repeats per component. The separation of peptides mixture was performed by the 100 μm ID × 15 cm reversed-phase column (Reprosil-Pur 120 C18-AQ, 1.9 μm, Dr. Math). The column was equilibrated with 100% solvent A (0.1% formic acid in acetonitrile aqueous solution, contain 2% acetonitrile). The sample was separated by the column at 300 nL/ min flow rate and 90 min linear gradient. Mobile phase B (0.1% formic acid in acetonitrile aqueous solution, contain 80% acetonitrile): 6–28% for 70 min, 28–40% for 12 min, 40–100% for 2 min, 100% for 2 min, 100–2% for 2 min, and 2% for 2 min. Then, by the mass spectrometer of Q-Exactive (90 min/sample), the separated peptides were assessed.
Proteins Identification and Quantitation
Raw data of LC-MS/MS were quantitatively studied and explored via MaxQuant (Version 1.5.6.0) and the Uniprot database. The criteria were as follows (not described value were default): the quantitation type was TMT 3-plex; sites of labeling were peptide N-terminal and Lys (K) (PIF = 0.75); the maximum number of missed cuts was 2; the specific enzyme was trypsin/P; Variable modification was Acetyl (protein N-term) and Oxidation (M); the maximum peptide molecular weight was 4600 Da and minimum peptide length was 7; fixed modification was Carbamidomethyl (C); only quantified unmodified unique peptide and FDR < = 0.01 (Wilhelm et al., 2014). Subsequently, the quantitative proteomics results were analyzed to obtain the DEPs through the criteria as given below: FDR<=0.01, unique peptides > = 2, average ratio-fold change (FC) > 1.2 (up-regulation) or <0.83 (down-regulation), and p-value < 0.05 (Ren et al., 2013; Zhou et al., 2020).
Bioinformatics Analysis
GO annotation (biological process, molecular function, and cellular component), enrichment of pathway, and the networks of protein-protein interaction (PPI) were utilized to analyze the connections of the DEPs. The DAVID (https://david.ncifcrf.gov/, RRID: SCR_001881) database was utilized to obtain GO annotation. The Reactome Pathway (https://reactome.org/, RRID: SCR_003485) database and The STRING (https://string-db.org/, RRID: SCR_005223) database were used to enrich pathways and get PPI networks (Haw and Stein, 2012; Jassal et al., 2020).
Western Blotting
By using a RIPA lysis buffer (100 ul/0.01 g), hippocampi were homogenized and subsequently were centrifuged for 10 min at 12000 rpm (4°C). The concentrations of protein were assayed with the method of BCA. The separation of the proteins was done on 12% polyacrylamide SDS-PAGE gel and afterward were transferred to the membranes of PVDF. The membranes were incubated with primary antibodies as follows: rabbit anti-Gad2 (1:5000, Proteintech, Cat# 20746-1-AP, RRID: AB_10949196), rabbit anti-Vamp2 (1:2000, Proteintech, Cat# 10135-1-AP, RRID: AB_2256918), rabbit anti-Pde2a (1:500, Proteintech, Cat# 55306-1-AP, RRID: AB_11182279) and mouse anti-β-actin (1:5000, Proteintech, Cat# 66009-1-Ig, RRID: AB_2687938) overnight at 4°C. After being washed by PBST, the membranes were incubated with secondary antibodies as follows: HRP goat anti-mouse IgG (1:5000, Proteintech, Cat# SA00001-1, RRID: AB_2722565) or HRP goat anti-rabbit IgG (1:6000, Proteintech, Cat# SA00001-2, RRID: AB_2722564) for 90 min at 25°C. The incubation of the membranes was carried out for 5min with the solution of ECL chemiluminescent solution (Thermo Scientific, United States) and wrapped in the plastic sealing film. Subsequently, the membranes were subjected to a film of X-ray in the dark box for 5 s-20 min. The bands of protein were quantified and visualized utilizing ImageJ (RRID: SCR_003070) computer program.
Statistic Analysis
The difference among groups was calculated by one-way analysis of variance (ANOVA) followed by Tukey HSD. p-value < 0.05 was set as the significant threshold. Data were analyzed by SPSS 22.0 software (International Business Machines Corp, Armonk, NY, United States, RRID: SCR_019096). The achieved data were expressed as the mean ± SEM.
RESULTS
UPLC Analysis the Components of Chaihu-Shugan-San
To ensure the quality of the herbal within the Chaihu-Shugan-San, UPLC was carried out with acetic acid and acetonitrile for chromatogram separation. Using the separation conditions described in Materials and methods, 9 compounds from Chaihu-Shugan-San, including Albiflorin std, Ferulic acid, Paeoniflorin, Naringin, Hesperidin, Hydrated hesperidin, Neohesperidin, Ammonium glycyrrhizinate, and Glycyrrhetinic acid were identified (Supplementary Figure S1). A total of 9 characteristic peaks were well resolved.
The Synthetical Antidepressant Effects of Chaihu-Shugan-San
Chaihu-Shugan-San Increased Weight Gain and Food Intake in the CUMS-Induced Rats
On day 1, 14, and 28, the body weights of the animals were observed to calculate the rate of weight gain. At the same time, food intake was also recorded. We observed no significant difference in baseline body weights and food intake between the 6 groups (Supplementary Figure S2A). Notably, the weight gain and food intake of the CUMS group was lesser in comparison with the control group on day 14 but didn’t reach the level of statistical significance (Supplementary Figures S3A,B). After treatment, the weight gain (F5,42 = 31.792, p < 0.01) and food intake (F5,42 = 5.033, p < 0.01) of the Chaihu-Shugan-San group, the fluoxetine group, and the Shu Gan group was significantly higher in comparison with the model group (p < 0.05) (Figures 3A,B).
[image: Figure 3]FIGURE 3 | The therapeutic effects of Fluoxetine, Chaihu-Shugan-San, Shu Gan, and Rou Gan in treating CUMS rats. (n = 8, ∗p < 0.05, ∗∗p < 0.01, data are presented as mean ± SEM). Bodyweight gain (A), Food intake (B), sucrose consumption test (C), and forced swim test (D) were performed on day 28.
Chaihu-Shugan-San Exerted an Antidepressant-like Effect on the CUMS-Induced Rats
SPT was implemented on day 1, 14, and 28. There existed no significant discrepancies between the various groups before CUMS (Supplementary Figure S2B). On day 14 (F5,42 = 4.123, p < 0.01), the sucrose preference index was significantly reduced within the groups of CUMS in comparison with the control group (p < 0.05) (Supplementary Figure S3C). After 2 weeks of treatments (F5,42 = 6.211, p < 0.01), the sucrose preference index of the fluoxetine group (p < 0.05) and the Chaihu-Shugan-San group (p < 0.01) was significantly increased than the model group, suggesting that Chaihu-Shugan-San and fluoxetine can improve the lack of pleasure created by CUMS. The sucrose preference index of the Shu Gan group and the Rou Gan group was no statistical significance in comparison with the model group (Figure 3C).
The FST was measured on day 1, 14, and 28. There were none of the behaviors were significantly different among the groups on day 1 (Supplementary Figure S2C). On day 14 (F5,17.854 = 62.339, p < 0.01), the immobility time was significantly increased within the groups of CUMS in comparison with the control group (p < 0.01) (Supplementary Figure S3D). Furthermore, after 2 weeks of treatment (F5,42 = 15.607, p < 0.01), the immobility time of the fluoxetine group, the Chaihu-Shugan-San group, and the Shu Gan group were significantly lower than the model group (p < 0.01). But compared with the model group, the immobility time of the Rou Gan group had no statistical significance (Figure 3D).
Proteomics Analysis of DEPs
TMT-based proteomics was used to obtain the DEPs of the hippocampus and to explore the potential antidepressant protein targets. A total of 73413 polypeptides and 7268 proteins were detected by TMT quantitative proteomics. We screened 5585 proteins with FDR<=0.01 and unique peptide matches > = 2. DEPs were screened out by p-value < 0.05 and FC (>1.2, up-regulated or <0.83, down-regulated). The volcano plot showed the relative changes in protein levels (Figure 4). In Model vs. Control group, 541 DEPs were identified (304 up-regulation and 237 down-regulation). In Chaihu-Shugan-San vs. Model group, 395 DEPs were identified (160 up-regulation and 235 down-regulation). In Shu Gan vs. Model group, 39 DEPs were identified (9 up-regulation and 30 down-regulation). In Rou Gan vs. Model group, 1504 DEPs were identified (843 up-regulation and 661 down-regulation).
[image: Figure 4]FIGURE 4 | Quantitative analysis and identification of proteins. The up-regulated (red) or down-regulated (blue) proteins between Model vs. Control groups (A), Chaihu-Shugan-San vs. Model groups (B), Shu Gan vs. Model groups (C), and Rou Gan vs. Model groups (D) of 5585 proteins were shown in the volcano plot.
In both Model vs. Control group and Chaihu-Shugan-San vs. Model group, 126 overlapping DEPs were identified and 110 proteins were reversed by Chaihu-Shugan-San treatment among them. The elaborated information about 110 DEPs was showed in Figure 5A and listed in Supplementary Table S1. In both Model vs. Control group and Shu Gan vs. Model group, we identified the 14 overlapping DEPs. Among the 14 DEPs, 12 proteins were reversed by Shu Gan treatment (Supplementary Table S2). In both Model vs. Control group and Rou Gan vs. Model group, the 410 overlapping DEPs were identified. Among the 410 DEPs, 407 proteins were reversed by Rou Gan treatment (Supplementary Table S3). Among the reversed proteins (Figure 5B), 22 proteins whose expression was additionally changed by Chaihu-Shugan-San treatment compared with Shu Gan or Rou Gan alone were the advanced proteins of Chaihu-Shugan-San (Figure 5C). Whereas the expression of 323 proteins whose expression was changed by Shu Gan or Rou Gan alone were not changed by Chaihu-Shugan-San treatment.
[image: Figure 5]FIGURE 5 | (A) Heat map analysis of 110 Chaihu-Shugan-San DEPs. (B) Venn diagrams of the DEPs associated with Chaihu-Shugan-San, Shu Gan, and Rou Gan in treating depression. (Blue border: the 22 Chaihu-Shugan-San advanced proteins; Red border: the 323 proteins whose expression was changed by Shu Gan or Rou Gan alone were not changed by Chaihu-Shugan-San treatment). (C) Heat map analysis of 22 Chaihu-Shugan-San advanced proteins. The color represents log2(FC) of DEPs, red indicates an increase and blue indicates a decrease. (FC: fold changes).
Bioinformatics Analysis of DEPs
Functional Classification of DEPs
When imported 110 DEPs to the DAVID database, we obtained 9, 24, 10 biological functions in biological process, cellular component, and molecular function, respectively (Figure 6). In the biological process, 110 DEPs enriched in brain development (p = 0.01591), glutathione metabolic process (p = 0.02633), and calcium ion regulated exocytosis (p = 0.00338) (Figure 6A). In the cellular component, 110 DEPs enriched in synapse (p = 0.00061), axon (p = 0.00007), and vesicle (p = 0.00819) (Figure 6B). In the molecular function, 110 DEPs enriched in protein binding (p = 1.11E-06), calcium ion binding (p = 0.03696), and SNARE binding (p = 0.00262) (Figure 6C).
[image: Figure 6]FIGURE 6 | Bioinformatics analysis (GO annotation) of 110 DEPs. (A) Biological process. (B) Cellular component. (C) Molecular function.
The classifications of the 22 Chaihu-Shugan-San advanced proteins and 323 DEPs were enriched and analyzed to comprehend the importance of certain groups in the GO annotation (Figure 7). In the biological process, 22 Chaihu-Shugan-San advanced proteins acted on adenosine metabolic process (p = 0.00852), positive regulation of adenylate cyclase activity (p = 0.01022), and Golgi to plasma membrane protein transport (p = 0.02286). Synapse was enriched in the cellular component (p = 0.02301). Meanwhile, protein binding was enriched in the molecular function (p = 0.02189) (Figure 7A). 323 targets acted on the biological process of hydrogen ion transmembrane transport (p = 0.00051), response to acrylamide (p = 0.00146), and cellular response to nitric oxide (p = 0.00364). Extracellular exosome was the most significantly enriched group in the cellular component (p = 1.72E-17). Meanwhile, protein binding was the most significant term in the molecular function (p = 2.22E-09) (Figure 7B).
[image: Figure 7]FIGURE 7 | (A and B) GO analysis of the 22 Chaihu-Shugan-San advanced proteins and 323 DEPs.
The Pathways Enrichment Analysis of DEPs
Based on 110 Chaihu-Shugan-San DEPs, the analysis of pathway enrichment was also carried out. The obtained outcomes showed a total of 11 significantly enriched pathways (Figure 8A and Table 2). The enriched pathways were mainly related to some neurotransmitter’s release and transmission cycle (e.g., γ-aminobutyric acid (GABA), glutamate, serotonin, norepinephrine, dopamine, and acetylcholine). GABA synthesis, release, reuptake, and degradation was the most significant one. Four proteins enriched this pathway that DnaJ homolog subfamily C member 5 (Dnajc5), Glutamate decarboxylase 2 (Gad2), Synaptotagmin-1 (Syt1), and Vesicle-associated membrane protein 2 (Vamp2).
[image: Figure 8]FIGURE 8 | (A) RCT analysis of 110 DEPs. (B) RCT analysis of 22 DEPs. (C) RCT analysis of 323 DEPs.
TABLE 2 | Pathway enrichment analysis of 110 DEPs.
[image: Table 2]Based on 22 Chaihu-Shugan-San advanced proteins, pathway analysis results identified 6 significantly enriched pathways (Figure 8B and Table 3). The enriched pathways were mainly related to neurotransmitter release cycle (contain GABA) and Golgi-associated vesicle biogenesis. GABA synthesis, release, reuptake, and degradation also was the most significant one. Two proteins enriched this pathway that Gad2 and Vamp2. Based on 323 proteins, only 2 significant pathways were enriched: Metabolism and Cellular responses to external stimuli (Figure 8C and Table 4).
TABLE 3 | Pathway enrichment analysis of 22 DEPs.
[image: Table 3]TABLE 4 | Pathway enrichment analysis of 323 DEPs.
[image: Table 4]PPI Analysis of DEPs
The PPI network by the STRING database and Cytoscape software was constructed to identify the key targets of Chaihu-Shugan-San against depression. First, 110 DEPs were uploaded to the STRING database and the analysis of the PPI network showed 68 DEPs were interconnected, whilst the other 42 DEPs did not exhibit any category of connection utilizing the default setting. Figure 9 presents a whole perspective of the relationships within 68 targets by Cytoscape software. Additionally, 11 DEPs belong to 22 Chaihu-Shugan-San advanced proteins. According to the degree of proteins, several proteins were key targets in the network, such as Gad2, Vamp2, and Syt1.
[image: Figure 9]FIGURE 9 | PPI network analyzed by the STRING database and the Cytoscape software. The nodes represent proteins. The size of the node represents the value of degree (a larger size indicates a higher degree). The purple nodes represent the intersection of 110 Chaihu-Shugan-San DEPs (yellow) and 22 Chaihu-Shugan-San advanced proteins.
Validation of DEPs
Western blotting was executed to further validate the candidate DEPs containing Gad2, Vamp2, and Pde2a. As displayed in Figure 10A (F4,20 = 5.253, p < 0.01), Chaihu-Shugan-San and Rou Gan treatment down-regulated Gad2 significantly in comparison with the model group (p < 0.05). As displayed in Figure 10B (F4,20 = 16.908, p < 0.01), Chaihu-Shugan-San, Shu Gan, and Rou Gan treatment down-regulated Vamp2 significantly in comparison with the model group (p < 0.05). As displayed in Figure 10C (F4,20 = 9.652, p < 0.01), Chaihu-Shugan-San and Shu Gan treatment down-regulated Pde2a significantly in comparison with the model group (p < 0.05).
[image: Figure 10]FIGURE 10 | Validation of Gad2 (A), Vamp2 (B), and Pde2a (C). The analysis of western blotting demonstrated the expression levels of the Control, Model, Chaihu-Shugan-San, Shu Gan, and Rou Gan group in the rats’ hippocampus. (n = 5, ∗p < 0.05, ∗∗p < 0.01, data are presented as mean ± SEM).
DISCUSSION
In TCM theory, the Gan is the center of regulating emotions (Scheid, 2013; Li XJ. et al., 2020). Chaihu-Shugan-San consists of Shu Gan (stagnated Gan-Qi dispersion) and Rou Gan (Gan nourishment to alleviate pain), treating complex emotional diseases such as depression (Qiu et al., 2014b). Modern studies have also shown that Chaihu-Shugan-San can inhibit apoptosis in liver cells and participate in phospholipid and bile acid metabolism to counteract CUMS-induced liver injury in rats (Jia et al., 2017). While for the hippocampus, which is responsible for emotion regulation (Snyder et al., 2011), a comprehensive exploration is lacking. The anti-depressive mechanisms and the compatibility advantage of Chaihu-Shugan-San in the hippocampus of CUMS-induced rats were explored by proteomics for the first time in this study.
After a 2-weeks treatment of Chaihu-Shugan-San or its decomposed recipes, behavioral data including SPT and FST demonstrated that Chaihu-Shugan-San exhibited better therapeutic effects in the CUMS models. Our proteomics data showed that Chaihu-Shugan-San controlled 110 DEPs. By mapping the PPI network of 110 DEPs, we found that Gad2 and Vamp2 were the key targets in the network. Bioinformatics analysis suggested that the signalling pathways affected by Chaihu-Shugan-San contained neurotransmitters release and transmit pathways (e.g., GABA, glutamate, serotonin, norepinephrine, dopamine, and acetylcholine), which play an important role in the pathogenesis of depression (Kraus et al., 2017; Murrough et al., 2017; Gunduz-Bruce et al., 2019). Furthermore, the 22 Chaihu-Shugan-San advanced proteins which were mainly enriched in GABA release cycle was additionally changed by Chaihu-Shugan-San treatment. The 323 proteins whose expression was changed by Shu Gan or Rou Gan treatment alone were enriched in metabolism and cellular responses to external stimuli. Finally, we used molecular biotechnology to verify the credibility of quantitative proteomics by selected proteins from DEPs including Gad2, Vamp2, and Pde2a.
TCM has extraordinary therapeutic effects owing to its complicated mechanisms, in which the compatibility of its recipes counts a great deal. Chaihu-Shugan-San, a combination of Shu Gan and Rou Gan, has been widely used as a classical antidepressant formula in TCM practice (Qiu et al., 2014b). Weight changes and appetite changes are common symptoms of depression (Fava, 2000). After 4 weeks of CUMS procedures, the bodyweight growth and food intake of the stressed rats were significantly less than the unstressed rats. Chaihu-Shugan-San or Shu Gan could increase the bodyweight growth and food intake of CUMS-induced rats, exerting a fluoxetine-like effect. We used SPT and FST to assess the antidepressant efficacy of Chaihu-Shugan-San, Shu Gan, and Rou Gan in CUSM rats. SPT evaluates sensitivity to reward. A decreased preference for consumption of sucrose reflects anhedonia (lose pleasure in rewards) that is the core symptom of depression (Moreau, 2002). In SPT, Chaihu-Shugan-San significantly improves the sucrose preference index, which is similar to fluoxetine. Neither Shu Gan nor Rou Gan increases the sucrose preference index significantly. FST is the gold standard for despair testing (Becker et al., 2021). FST assesses learned helplessness, which is a feature of depression-like behavior (Yankelevitch-Yahav et al., 2015). In FST, the Chaihu-Shugan-San and Shu Gan groups significantly lower the immobility time, which is similar to fluoxetine. CUMS-induced rats showed lacked pleasure, desperate behavior, loss of appetite, and impaired weight growth, similar to human depressive disorder (Krishnan et al., 2007; Yang et al., 2017; Xing et al., 2019). The experimental results indicated that the depression model was successfully established. After 2 weeks of treatment, all behavioral disturbances created via CUMS were correspondingly reversed, indicating that Chaihu-Shugan-San and fluoxetine possessed anti-depressive impacts. Chaihu-Shugan-San exhibited better therapeutic effects in the CUMS models as compared with its decomposed recipes.
Then, to further analyze the advantage of TCM compatibility and explore the anti-depression mechanisms of Chaihu-Shugan-San, we used quantitative proteomics and bioinformatics analysis to identify and analyze DEPs. Chaihu-Shugan-San, Shu Gan, and Rou Gan regulated 110, 12, and 407 DEPs, respectively. Although the targets of Chaihu-Shugan-San are less than the sum of Shu Gan and Rou Gan, bioinformatics analysis shows that it may affect the classic antidepressant pathway (e.g., GABA, glutamate, serotonin, norepinephrine, dopamine, and acetylcholine pathway) (Kraus et al., 2017; Murrough et al., 2017; Gunduz-Bruce et al., 2019). The GABA synthesis, release, reuptake, and degradation was the most significant pathway by 110 DEPs enriched. Compared with Shu Gan or Rou Gan alone, the expression of 22 advanced proteins was additionally changed by Chaihu-Shugan-San treatment, whereas the expression of 323 proteins whose expression was changed by Shu Gan or Rou Gan alone were not changed by Chaihu-Shugan-San treatment. Interestingly, 22 DEPs focus on GABA synthesis, release, reuptake, and degradation pathway-one of the key pathways of Chaihu-Shugan-San to treat depression. The signalling pathways regulated by Shu Gan are the transport of small molecules (cations, anions, amino acids, and oligopeptides) (Supplementary Figure S4A). The signalling pathways regulated by Rou Gan are metabolism, cellular responses to external stimuli, and transport to the Golgi (Supplementary Figure S4B). Meanwhile, based on 323 proteins, only 2 pathways were enriched: metabolism and cellular responses to external stimuli. These 323 proteins that are not enriched in the key pathway of depression are targeted by Shu Gan or Rou Gan. Accordingly, the compatibility of prescriptions is not simply increasing the number of targets, but increasing the accuracy of targets. This explains why Shu Gan and Rou Gan did not achieve the antidepressant effect of Chaihu-Shugan-San.
Our data show that Chaihu-Shugan-San treats depression potentially via influence 110 DEPs (Gad2, Vamp2, Pde2a, etc.), and neurotransmitters release and transmission cycle (e.g., GABA, glutamate, serotonin, norepinephrine, dopamine, and acetylcholine). Compared with Shu Gan and Rou Gan, the 22 Chaihu-Shugan-San advanced proteins and the affected GABA pathway may be the advantages of Chaihu-Shugan-San compatibility. Remarkably, the PPI of Chaihu-Shugan-San’s targets showed a closely linked network, Gad2 and Vamp2 are key targets in the network. Gad2 and Vamp2 also are enriched in the GABA and glutamate release pathways. GABA and glutamate are the primary inhibitory and excitatory neurotransmitters in the brain. An impaired balance of neural excitation and inhibition is one of the pathological characteristics of depression (Abdallah et al., 2014; Fee et al., 2017). Stress leads to activation of the HPA axis. Then it results in the over-release of glucocorticoid, dysfunction of glucocorticoid receptors, and subsequent the disorder of glutamate transmission and an excessive concentration of glutamate in the synaptic space. This could create excitatory toxicity to neurons, resulting in neuron degeneration, aging, and death, finally resulting in mental disorders, for instance, depression (Ferrer et al., 2018). Glutamate levels are elevated in the brains with depression in patients or rats (Hashimoto et al., 2007; De Vasconcellos-Bittencourt et al., 2011). Glutamate release inhibitors have antidepressant properties and are used in clinics widely (Deutschenbaur et al., 2016; Lener et al., 2017). Activation of the HPA axis also changes the expression of postsynaptic GABAA receptors, then reduces GABA release in presynaptic (Luscher et al., 2011; Maguire, 2018). The studies from depression subjects indicate the GABAergic deficit in the central nervous system (Croarkin et al., 2011; Möhler, 2012). The enhancers of GABAA receptors have been used as antidepressants (Papakostas and Shelton, 2008; Morishita, 2009). Our previous research demonstrates that the components of Chaihu-Shugan-San play an antidepressant role by regulating the HPA axis and inhibiting neurotransmitter reuptakes (e.g., norepinephrine, serotonin, and dopamine) (Zhang et al., 2011). Therefore, we speculate that Chaihu-Shugan-San affects glutamate and GABA signalling pathways to treat depression via the HPA axis. Of course, the concrete anti-depressive mechanism needs to further explore.
We chose Gad2, Vamp2, and Pde2a for western blotting. Gad2 belongs to the group II glutamate decarboxylase family that catalyzes the decarboxylation of glutamate to produce GABA. Glutamate regulates the expression of Gad2 by the autocrine effect on sensory terminal BDNF, and depletion of glutamate release lower levels of BDNF and Gad2 (Mende et al., 2016). Gad2 activity underlies enhanced release of GABA at high frequencies of stimulation, showed that this enzyme expression could regulate the efficiency of inhibitory synaptic signalling (Betley et al., 2009). However, no simple parallel exists between Gad2 and GABA content (Sonnewald et al., 2004; Benagiano et al., 2005; Freichel et al., 2006). Depression patients had Gad2 antibody positive and Gad2 mRNA expression increased (Bowers et al., 1998; Kruse et al., 2015). Our proteomics data and western blotting data show that Gad2 levels in CUMS rats were significantly increased, while the treatment of Chaihu-Shugan-San or its decomposed recipes reversed it. Interestingly, Gad2 is an indicator of diabetes (Atkinson and Eisenbarth, 2001). Ample clinical evidence shows that diabetes is associated with depression, but the internal relationship is unclear (Anderson et al., 2001; Knol et al., 2006; Mezuk et al., 2008). This finding may provide clues for depression complicated with diabetes.
Vamp2, a core soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein residing on synaptic vesicles, forms helix bundles with SNAP25 and syntaxin-1 for the SNARE assembly (Ramakrishnan et al., 2012; Wang et al., 2020). SNARE proteins were the main neurotransmitter release-associated proteins involving in the release procedure and synaptic vesicle fusion (Kiessling et al., 2013; Stratton et al., 2016). It is the crucial factor that mediates the complicated interactions between the presynaptic membrane and vesicle fusion. According to our proteomics and western blotting data, the Vamp2 expression level was up-regulated in CUMS rats, while treatment of Chaihu-Shugan-San and its decomposed recipes could counteract the change significantly. SNARE protein complex formation is considerably enhanced during depression (Katrancha and Koleske, 2015; Cao et al., 2018). Furthermore, antidepressant reboxetine, fluoxetine, and desipramine could remarkably diminish SNARE complex expression (Bonanno et al., 2005). A previous study has illustrated that acupuncture could reduce the expression of SNARE protein (Vamp2) in depressive animals (Fan et al., 2016). A recent study shows that anti-depressive TCM-paeoniflorin noticeably reduced hippocampal glutamate via inhibiting the level of SNARE complex and Vamp2 (Li YC. et al., 2020).
Pde2a, an enzyme that catalyzes the hydrolysis of cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP), may become a potential pharmacological target for neuropsychiatric diseases (Conti and Beavo, 2007; Knott et al., 2017). Proteomics data and western blotting results showed Pde2a was decreased after Chaihu-Shugan-San or Chaihu-Shugan-San’s decomposed recipes treatment. Pde2a is a crucial point of compartmentalized cross-talk between cGMP and cAMP signalling (Reierson et al., 2011). cGMP/cAMP signalling pathway, being generally anti-inflammatory, could help to reduce oxidative stress (Masood et al., 2008). Inhibition of cGMP is widespread across various antidepressants such as ketamine (Li et al., 2006; Cunha et al., 2015). A study showed Pde2a mRNA expression increased in the depression cell model (Zhu et al., 2019). The most commonly characterized selective Pde2a inhibitor, namely Bay 60–7550, generates antidepressant efficacy in the depression animal model (Masood et al., 2009; Xu et al., 2013; Ding et al., 2014). Pde2a inhibitor had significant neuroprotective effects on depression by affecting the cGMP and cAMP signalling pathways, contain increasing the ratio of the expression of pCREB/CREB and BDNF (Liu L. et al., 2018).
Taken together, the curative effect of Chaihu-Shugan-San is better than those of Shu Gan and Rou Gan in behavioral evaluation, and Chaihu-Shugan-San affects the classic antidepressant pathway more focused than Shu Gan and Rou Gan in proteomics. This study suggests that Gad2, Vamp2, and Pde2a are potentially involved in depression remission treated by Chaihu-Shugan-San. Therefore, these proteins might be the antidepression targets of Chaihu-Shugan-San. Nevertheless, the present study had several limitations. First, we are still at the beginning of our understanding on how these proteins are operated and how they are regulated by Chaihu-Shugan-San. Second, modeling the full complexity of the human disorder in animals is difficult, especially mood disorders such as depression. Tests on assessing animal models of depression also lack the mechanistic specificity to be used universally to elucidate the neurobiological mechanisms of depression in humans. Data from human samples need to be supplemented in future studies.
CONCLUSION
In this study, we provide proteomic clues to explore the merit of prescription compatibility in Chaihu-Shugan-San and explores mechanisms of Chaihu-Shugan-San anti-depression. Our research reveals that Chaihu-Shugan-San treats depression via multiple targets and pathways, which may include regulations of 110 DEPs and some neurotransmitter’s transmission cycle (e.g., GABA, glutamate, serotonin, norepinephrine, dopamine, and acetylcholine). Compared with Shu Gan and Rou Gan, the 22 Chaihu-Shugan-San advanced proteins and the affected GABA pathway may be the advantages of Chaihu-Shugan-San compatibility. Those findings would contribute to revealing the prescription combination advantages of Chaihu-Shugan-San for antidepression, and also a rational way for clarifying the composition rules of TCM. Meanwhile, this research offers data and theory support for the clinical application of Chaihu-Shugan-San.
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