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Background: Paeoniae Radix Rubra (PRR) has been used widely to promote blood circulation and eliminate blood stasis in China clinical practice owing to its extensive pharmacological effects. However, the “quality markers” (Q-markers) of the antioxidant effects remains unknown.Object: To explore the Q-markers of antioxidant activity based on multiple strategies, which would provide reference for the quality evaluation of PRR based on specific pharmacodynamic-oriented.Methods: Firstly, the “fingerprint” profiles of 15 batches of PRR were acquired and identified by ultrahigh performance liquid chromatography-quadrupole time-of-flight tandem mass spectrometry (UHPLC-Q-TOF MS/MS) and the common peaks extracted. Meanwhile, the MTT assay was used to evaluate the effect of 15 batches of PRR on H2O2-induced oxidative stress in HT-22 cells. The antioxidant activity of PRR was investigated simultaneously by superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) commercial kits. The relationship between common peaks and antioxidant indexes were constructed by grey relational analysis (GRA) and partial least squares-discriminant analysis (PLS-DA) for the identification of preselected Q-markers. Secondly, experimental verification was conducted to investigate the protective effect of the preliminary components on HT-22 cells undergoing oxidative stress. Finally, for the further validation of effectiveness of antioxidant Q-markers, network pharmacology was applied to explore potential targets, and the molecular docking technology was used to value the binding ability of the potential active components of PRR to the antioxidant targets.Results: Thirty-seven common peaks from 15 batches of PRR were identified qualitatively by UHPLC-Q-TOF MS/MS. The MTT assay showed that PRR could reduce the oxidative damage induced by H2O2 upon HT-22 cells according to the index of MDA, SOD and GSH. Eight potential antioxidant components were screened by spectrum-effect correlation analysis: paeoniflorin, galloylpaeoniflorin, albiflorin, 1,2,3,4,6-o-pentagalloylglucose, benzoylpaeoniflorin, pinocembrin, oleanic acid, and isorhamnetin-3-o-nehesperidine. Each of these preliminary components showed significant protections on cellular oxidative stress (P < 0.05). Interleukin-6 (IL-6), protein kinase B (AKT1), and tumor necrosis factor (TNF) were predicted to be the major potential targets of PRR, and the good binding ability were presented between the potential active components of PRR and each target as a whole.Conclusion: Eight components were identified as the antioxidant Q-markers of PRR based on an integrated multimodal strategy.Keywords: quality markers (Q-markers), paeoniae radix rubra (PRR), antioxidant, spectrum-efficacy correlation, network pharmacology, molecular docking
1 INTRODUCTION
Paeoniae Radix Rubra (PRR) is the root of Paeonia lactiflora Pall or Paeonia veitchii Lynch. It was first recorded in ShenMungHerbal. PRR has been used widely to promote blood circulation and eliminate blood stasis in clinical practice in China because it has anti-thrombotic (Ye et al., 2016), anti-ischemic (Zhao et al., 2022), anti-inflammatory (Zhang and Wei, 2020), and antioxidant properties (Li S. et al., 2018). Our previous studies have shown that PRR exerts neuroprotective effects against cerebral ischemia by inhibiting neuronal ferroptosis via antioxidant pathways. (Zhao et al., 2023). Deficiency in anti-oxidative function has been postulated to be associated with various diseases. Excessive accumulation of free radicals is a crucial process in the pathogenesis of ischemic diseases, aging, and cancer. PRR has been shown to counteract the accumulation of free radicals, which is associated with the effect of stasis-dispersing probably (Xu et al., 2022). PRR exerts therapeutic effects on liver damage (Liu T. et al., 2022), atherosclerosis (Li C. et al., 2018), cognitive dysfunction (Liu et al., 2020), and pulmonary fibrosis (Liu et al., 2017) by inhibiting excessive cellular oxidation. This phenomenon indicates that screening for the active components in PRR responsible for its antioxidant effects is a rational approach. In addition, the quality of PRR affects its efficacy directly. The strength of an antioxidant can reflect intuitively the specific bioactive components. However, the quantity and content of chemical components are different if PRR is extracted from different parts of the host plant or if different preparation technologies are adopted. For instance, Tong and colleagues (Tong N.-N. et al., 2021) investigated the chemical composition and antioxidant activity of stems and leaves separately, as well as 10 parts, of PRR. They found that different parts of PRR had different levels of antioxidant activity. However, studies on the PRR components that are efficacious against different diseases are scarce. Therefore, it is particularly essential to establish a direct correlation among components, effects, and diseases, which would serve as a scientific approach to evaluate the quality of traditional Chinese medicine (TCM).
“Chemical fingerprinting” and qualitative analysis of multiple chemical components have been shown to be powerful methods to judge the efficacy and safety of TCM (Noviana et al., 2022). High-performance liquid chromatography (HPLC) and ultrahigh-pressure liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) have been used widely to identify and evaluate the quality of complex multicomponent TCM. However, these methods characterize (qualitatively and quantitatively) the chemical components contained in a TCM without detailing the correlations between specific effects and chemical components. Therefore, clearly identifying the pharmacological-material basis responsible for specific effects is challenging. Also, there are limitations in evaluating the quality of a TCM from a clinical medication.
As a promising concept, “quality markers” (Q-markers) are derived from the “nature–effect–component” theory proposed by Liu et al. (2016). This theory closely links the relationship among the material basis, efficacy, and Q-markers of a TCM. Analyses of the spectrum–effect can reflect the correlation between chemical components and pharmacological activities (He et al., 2023). This is a commonly used and convenient concept for screening Q-markers. It is significant to further identify the potential pharmacological material bases and provide feasible solutions for evaluating the quality standards of TCM, also clarifying the material basis.
We integrated multiple strategies based on Q-marker screening. Initially, we characterized the chemical components and evaluated the antioxidant activity of PRR. Subsequently, spectrum–effect relationships were established using various chemometric methods to preliminarily screen out the bioactive components associated with the antioxidant activity of PRR. In vitro experiments were conducted to evaluate the antioxidant effect of each bioactive component using mouse hippocampal neuronal (HT-22) cells. Network pharmacology was employed to explore the biological targets of antioxidant activity. Molecular docking was conducted to confirm the relationship between components and targets. Ultimately, the Q-markers for the antioxidant effects of PRR were identified. This strategy for the screening of Q-markers could provide a reference for efficacy-oriented quality evaluation of PRR. The graphical abstract is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Graphical abstract.
2 MATERIALS AND METHODS
2.1 Materials
Fifteen batches of P. lactiflora Pall or P. veitchii Lynch. Herbs were identified by Professor Zhou Xiao Jiang (Hunan University of Chinese Medicine, Changsha, China) according to the 2020 edition of Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission, 2020). The batch numbers for sample production corresponding to numbers are shown in Table 1. Samples were stored in the Center for Standardization and Functional Engineering of Traditional Chinese Medicine in Hunan Province (Changsha, China).
TABLE 1 | Information of 15 batches of PRR samples.
[image: Table 1]Eight types of reference standards were purchased from Chengdu Aifa Biotechnology (Chengdu, China): paeoniflorin, galloylpaeoniflorin, albiflorin, 1,2,3,4,6-o-pentagalloylglucose, benzoylpaeoniflorin, pinocembrin, oleanic acid, and isorhamnetin 3-o-neohesperidoside. The purity of all reference standards were higher than 98%. The H2O2 solution was obtained from Sigma (Shanghai, China). Chromatography-grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Deionized water was purified by the Milli-Q™ system (Millipore, Bedford, MA, United States). Superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) assay kits (S0021) with batch numbers of E-BC-K020-M, E-BC-K030-M, and E-BC-K028-M, respectively, were from Elabscience Biotechnology (Wuhan, China).
2.2 Qualitative analyses of PRR
2.2.1 Preparation of the sample solution of PRR
Fifteen batches of PRR were extracted ultrasonically thrice with 70% ethanol. The filtrate was collected after suction filtration to remove impurities. Ethanol was recovered by vacuum distillation with a rotary evaporator, and then dried in vacuo to obtain the dry extract. Each gram was equivalent to 4 g of crude drug. Methanol (100%) was used to dissolve PRR extracts. After ultrasonic treatment for 30 min and passage through a 0.22 μm filter membrane, solution samples for UHPLC were obtained. DMEM was added to dissolve the PRR extracts at appropriate concentrations for cell experiments.
2.2.2 Ultrahigh performance liquid chromatography-quadrupole time-of-flight tandem mass spectrometry (UHPLC-Q-TOF MS/MS)
Chromatographic separation was undertaken using an Ultimate UPLC XB-C18 column (1.8 µm, 2.1 × 100 mm). The mobile phase consisted of pure water with 0.1% formic acid solution (A) and acetonitrile (B) at a flow rate of 0.3 mL/min. The gradient program was: (A:B, v/v): 0–26.67 min, 10%–15% (B); 26.67–93.35 min, 15%–22% (B); 93.35–120.21 min, 22%–55% (B); 120.21–146.92 min, 45%–50% (B). The volume of sample for injection was 3 μL.
The high-resolution quadrupole time-of-flight mass spectrometer equipped with an ESI source was used as the detector. Positive and negative ionization modes were used at the following MS parameters: first cone voltage, −80 V to −80 V; first collision voltage, −10 V to −10 V; second cone voltage, −80 V to −80 V; second collision voltage, −50 V to −20 V. Data analysis was done using SCIEX OS 1.2 software.
2.3 In vitro cell experiments
2.3.1 Cell culture and model of oxidative stress
HT-22 cells (STR identification confirmed, CL-0697) were purchased from Hunan Kangheyi Biotechnology (Hunan, China) and cultured in DMEM supplemented with 10% fetal bovine serum and 1% antibiotics at 37°C in an incubator in an atmosphere of 5% CO2. After reaching 80% confluence, cells were seeded into 96-well plates at 103–104 per well. Cells were allowed to react with H2O2 (0.9 μM) for 2 h to create a model of oxidative stress according to a previous study (Supplementary Figure S1) to permit 60%–70% of cells to become injured.
2.3.2 Cell activity
After completing cell culture, cells were pretreated for 2 h with PRR (120 μg⋅mL−1) or vehicle (DMEM) as the drug-intervention group and control group, respectively. Then, H2O2 (0.9 μM) was added to the model group and drug-intervention group for 2 h. Cell viability was quantified using the MTT assay. Data were normalized to vehicle-treated cells (100%) and five replicates were set up in parallel in each group.
Cell viability based on optical density (OD) was evaluated using the MTT assay as described previously using this equation:
[image: image]
2.3.3 Antioxidant activity
Cells were cultured using the same method as described in Section 2.3.1. SOD activity and levels of GSH and MDA were measured according to instructions set on the respective assay kits.
2.4 Spectrum–effect relationship
The spectrum–effect relationship between the UHPLC fingerprints and the SOD, GSH and MDA of PRR extracts were analyzed by the grey relational analysis (GRA) and partial least squares-discriminant analysis (PLS-DA). The indexes of antioxidant effect were used as the reference sequence, and the common characteristic peaks of the fingerprint profile (S1–S15) were listed as the comparative sequence. The contribution of each common peak to the efficacy was determined by comparing the gray correlation between the comparative sequence and the reference sequence. SPSS AU (https://spssau-com/) and SIMCA was undertaken by Umetrics (Stockholm, Sweden) software were used to analyze the gray correlation degree and partial least squares method respectively.
2.5 Verification of the antioxidant effect of eight monomer components in vitro
Oxidative stress model was constructed on HT-22 cells by H2O2. To investigate the effect of each preliminary compound on the survival rate of oxidative stress cell model, HT-22 cells were divided into the three groups: control (normal conditions), oxidative-stress model (treated with H2O2 for 2 h at the concentration of 0.9 μM) (Supplementary Figure S1), and each monomer component pretreated groups. According to the literature analysis, cells were respectively treated with paeoniflorin (5, 10, 20, 40, 80, 160 μM) (Liu Y.-F. et al., 2022), galloylpaeoniflorin (5, 10, 20, 40, 80, 160 μM) (Wen et al., 2018), oleanolic acid (5, 10, 20, 40, 80, 160 μM) (Jiang et al., 2020), albiflorin (25, 50, 75, 100, 125, 150 μM) (Xue et al., 2023), benzoylpaeoniflorin (2.5, 5, 10, 20, 40, 80 μM) (Kim et al., 2022), 1,2,3,4,6-o-pentagalloylglucose (5, 10, 20, 40, 80, 160 μM) (Tong J. et al., 2021), pinocembrin (2.5, 5, 10, 20, 40, 80 μM) (Wang T. et al., 2022), or isorhamnetin 3-o-neohesperidoside (5, 10, 20, 40, 80, 160 μM).
2.6 Network pharmacology
Target information of the active compounds in PRR was collected from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP; http://tcmspw.com/) databases. All PRR targets collected were combined and de-duplicated, then corrected on the Universal Protein database (https://www.uniprot.org/), and converted into the official gene symbol of Homo sapiens. Oxidation-related targets were obtained from GeneCards (www.genecards.org/), Online Mendelian Inheritance in Man (OMIM; www.omim.org/), TherapeuticTargetDatabase (www.idrblab.net/), and DrugBank (https://go.drugbank.com/). They were obtained by using “oxidation” as the keyword and removing duplicate and false-positive genes, and the intersection target genes of the two (PRR–oxidation targets) were collected as the potential targets of PRR for antioxidants. Then, we imported the PRR–oxidation targets into the Search Tool for the Retrieval of Interacting Genes/Proteins database (https://cn.string-db.org/) setting the condition as “human” (H. sapiens). Selected data with a combined score ≥0.9 was imported into Cytoscape 3.9.1 (https://cytoscape.org/), and we constructed a protein–protein interaction (PPI) network. The degree values of the topological parameter in the network were used to identify the core target genes in the PPI network.
2.7 Molecular docking
The 3D structures of proteins interleukin (IL)-6, protein kinase B (AKT1), and tumor necrosis factor (TNF) were obtained from Structural Bioinformatics Protein Data Bank (www.rcsb.org/). AutoDock Vina (Trott and Olson 2010) was used for molecular docking of active components with protein IL-6, TNF, AKT1. During the docking process, the protein structures were converted to a PDBQT file, which contained all the polar residues with hydrogen. The bioactive components were also converted to a PDBQT file and all the bonds were set to be rotatable. The receptor was set to be fixed while the ligand was allowed to have a certain flexibility, and this flexible docking simulation was carried out using the Lamarcian genetic algorithm. A search of possible conformations of the ligand was performed within the confines of the grid box and the conformation with the lowest binding free energy was finally identified as the best probable conformation. The models of the complex were analyzed using Discovery Studio (BIOVIA Dassault Systèmes 2017). Surflex-Dock scores (total scores) were expressed in kcal/mol units to represent binding affinities (Feinstein and Brylinski, 2015).
2.8 Statistical analyses
SPSSAU and SIMCA were used for GRA and PLS-DA. Data from cell experiments were analyzed using Prism 9.0 (GraphPad, La Jolla, CA, United States). The Student’s t-test and one-way analysis of variance were applied for statistical analyses.
3 RESULTS
3.1 Chemical fingerprinting and phytochemical analysis of PRR
The total ion chromatograms of the PRR extract acquired by UPLC-Q-TOF MS/MS in positive and negative ion modes are shown in Supplementary Figure S2. The retention time, accurate quality database, and mass-spectrum library of PRR were established by SCIEXOS1.2 software. The resultant 43 compounds were identified qualitatively (Table 2) by comparison of information of primary MS and secondary MS, as well as information in the literature.
TABLE 2 | Results of UPLC-Q-TOF-MS identification of the components of PRR.
[image: Table 2]In order to more intuitively observe the content distribution of components in PRR and distinguish between principal and differential components, a heat map analysis was performed on 15 batches of PRR. The content distribution was expressed in the degree of color depth, and gray indicated that the peak did not exist in the batch of PRR. The results showed that the color differences of peaks 1, 2, 3, 4, 5, 10, 11, 12, and 18 in each batch of PRR were large, indicating that the content distribution was not uniform. The disappearance of peaks 16, 20, 29, 30, 33, 42, 44, and 45 in some batches of PRR can be defined as differential components (Supplementary Figure S3). In order to further understand the distribution of 37 common peaks in each batch of PRR, a probability distribution analysis was carried out (Figure 2). The peaks 1, 2, 3, 4, 5, 10, 11, and 12 were unevenly distributed, and the peaks 14, 16, 17, 19, and 28 were distributed to the right. The remaining peaks were approximately normally distributed, indicating that most of the components were uniformly and stably distributed in the PRR. The results were consistent with the heat map analysis.
[image: Figure 2]FIGURE 2 | The distribution map of 37 common components in 15 batches of PRR.
3.2 Protective effects of PRR on oxidative stress in cells
The protective effects of 15 batches of PRR extracts on cell survival are shown in Figure 3A. The percentage of cells that survived in the H2O2-induced model group decreased to 60%–70%, and this difference was significant compared with the normal control group (P < 0.001). Each PRR extracts displayed favorable proliferation of HT-22 cells undergoing oxidative stress injure, which indicated the potential antioxidant bioactive of PRR. Additional results on the antioxidant bioactive of PRR are shown in Figures 3B–D. The activity level of GSH and SOD in the model group were reduced significantly compared with those in the control group (P < 0.001), but MDA content was increased significantly (P < 0.001), which demonstrated that a cellular model of oxidative stress had been created. The PRR extracts could prompt the three antioxidant index to a normal level, except for the second batch. Though the differences were existed among in the different batches of PRR, the all displayed a significant difference compared with model group, even up to the viability of normal control group. The comprehensive results showed that PRR exerts a protection against oxidative stress cells induced by H2O2.
[image: Figure 3]FIGURE 3 | Protective effect of 15 batches of PRR on oxidant stress cells model (A) cell viability; (B) SOD activity; (C) GSH content; (D) MDA content.mean ± SD, n = 3 ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. model group.
3.3 Spectrum−effect relationship analysis by GRA and PLS-DA
The degree of correlation obtained according to GRA is shown in Supplementary Tables S1–S3. The correlation coefficients of the antioxidant activities of SOD, GSH, and MDA were >0.6 (Table 3), indicating that SOD, GSH, and MDA were correlated with the common peaks of PRR. A correlation coefficient >0.85 represented a strong correlation. The gray correlation coefficients of the three antioxidant activities were sorted in order. The results are shown in Figure 4A. Twenty-five peaks with a correlation coefficient >0.85 (Figure 4B) (1, 2, 3, 5, 8, 10, 11, 12, 13, 17, 20, 21, 23, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34, 36, 37) were obtained.
TABLE 3 | Correlation sequence between 37 common peaks of PRR and antioxidant index.
[image: Table 3][image: Figure 4]FIGURE 4 | SOD, GSH and MDA gray correlation coefficient greater than 0.85 (A). the intersection peaks with gray correlation coefficients of the three greater than 0.85 (B).
The variable influence on projection (VIP) denotes the contribution of an independent variable to a dependent variable. The larger of VIP value, the greater contribution of the independent variable to a dependent variable. VIP >1 indicates a significant contribution to the dependent variable. SOD, GSH, and MDA were used as efficacy indices for VIP (Figures 5A–C, respectively). Components with VIP >1 for SOD and GSH were intersected. MDA has a negative correlation, so coefficient analysis was carried out while projecting important variables on MDA (Figure 5D). PRR components with VIP >1 and a negative correlation were selected. Then, the PRR components with VIP >1 for SOD and GSH were intersected. Peaks 8, 11, 17, 21, and 31 had a favorable inhibitory effects on cells experiencing oxidative stress.
[image: Figure 5]FIGURE 5 | The VIP contribution of 37 common peaks to the antioxidant activity of PRR. SOD (A); GSH (B); MDA (C); standardized regression coefficient of MDA of 37 common peaks (D).
By cross-enriching the peaks screened by GRA and PLS-DA, peaks of 8 (paeoniflorin, galloylpaeoniflorin, albiflorin), 11 (1,2,3,4,6-o-pentagalloylglucose), 17 (benzoylpaeoniflorin), 21 (pinocembrin), and 31 (oleanic acid, isorhamnetin 3-o-neohesperidoside) were screened out, and were considered to be the preliminary Q-markers of the antioxidant bioactive of PRR.
3.4 Protective effects of monomeric components on cellular oxidative stress
To further validate the correlation between preliminary Q-markers and antioxidant bioactive, the MTT assay was applied to measure the viability of HT-22 cells. H2O2 (0.9 μM for 2 h) damaged HT-22 cells significantly, and the active components of PRR reduced the oxidative damage caused by H2O2 (Figure 6). Increasing numbers of cells survived when the concentration of paeoniflorin and 1,2,3,4,6-o-pentagalloylglucose was increased, and the minimum effective concentration was 10 μM and 5 μM, respectively. Also, benzoylpaeoniflorin (5 μM) and gallylpaeoniflorin (10 μM) had protective effects against the cellular damage under oxidative stress. Another four kinds of monomeric components also had antioxidant activities at different concentrations. These data highlighted the protective effects of PRR components on HT-22 cells injured by H2O2.
[image: Figure 6]FIGURE 6 | Protective effects of monomeric component on oxidant stress cell model.
3.5 Potential targets screened by a PPI network
The chemical components of PRR were gathered from TCMSP and Pubchem databases, and the screening conditions were set as oral bioavailability ≥30% and drug likeness ≥0.18. After removing repeated and false-positive components and targets, 349 potential PRR targets were predicted. To search and integrate oxidation-related targets, databases (GeneCards, OMIM, TTD, DrugBank) were used. Repeated targets were removed, and 1740 target proteins were predicted associated with antioxidants. PRR targets were cross-referenced with oxidation targets and yielded 128 target genes. Targets with degree >50 were selected to establish a PPI network of potential targets (Figure 7). According to the degree value, the top-three targets were IL-6, AKT1, and TNF.
[image: Figure 7]FIGURE 7 | Protein-protein interaction network of PRR for antioxidant.
3.6 Molecular docking
Based on the results of network pharmacology, molecular docking was undertaken to validate the binding modes of the active components and the top-three oxidation targets (AKT1, TNF, IL-6). A low binding energy indicates good binding affinity with an active site. A binding energy < −5.0 kcal/mol indicates that the drug component has “good” binding activity to a target, and a binding energy < −7 kcal/mol indicates a “strong” binding effect. Values for the binding energy are shown in Supplementary Table S4. The heat map in Figure 8 shows the binding affinity of the PRR components to the target proteins. The colors in the figure range from red to blue, and the blue range from light to dark represents the binding energy is getting smaller and smaller. The numbers in the figure are the specific values of the binding energy. It can be seen that the binding energy of the active components of PRR to the potential targets is less than −5 kcal/mol. Two-dimensional (2D) and 3D visualizations of the molecular docking of paeoniflorin, galloylpaeoniflorin, albiflorin, 1,2,3,4,6-o-pentagalloylglucose, benzoylpaeoniflorin, pinocembrin, oleanic acid, and isorhamnetin-3-o-nehesperidineand with AKT1, TNF, and IL-6 are presented in Supplementary Figure S4, the results exhibited good binding.
[image: Figure 8]FIGURE 8 | Docking energy heat map of molecular docking.
4 DISCUSSION
The concept of Q-markers has transitioned from theory to practice, guiding a large amount of fragmented research work form an increasingly mature system. Exploring the Q-markers of TCM has become a focal point of research, but a singular method is not sufficient to ensure their scientific validity. So the integrate various methods for a comprehensive study is becoming more and more intensively. For example, the Q-markers of Astragali Radix were predicted based on network pharmacology and fingerprint (Zhang et al., 2021). Q-markers of Wenxin Formula were discoveried based on a Chinmedomics strategy (Wang Z.-W. et al., 2022). Besides, “Q-markers targeted screening” strategy were applied for comprehensive qualitative and quantitative analysis in fingerprints combined with chemometric methods (Gao et al., 2021).
As a well-known TCM, PRR is widely used in the treatment of depression (Chen et al., 2023), cerebral ischemia (Zhong et al., 2015), liver fibrosis (Song et al., 2024), and other diseases. Unfortunately, Q-markers for the antioxidant effect of PRR has not been conducted so far. The present work was carried out to find the material basis of antioxidant bioactive of PRR based on Q-Markers.
Chromatographic fingerprinting plays an important role in the quality control of TCM. It can give an overall view of the characteristics of nearly all components (Lu et al., 2022). We employed UHPLC-Q-TOF/MS to analyze the chemical components of 15 batches of PRR extracts. Chromatographic parameters (preparation of sample solution, temperature, mobile phase, detection wavelength) were optimized and thirty-seven common peaks were identified. The distribution of each common peak was, in general, stable, which supported the “specificity” and “detectability” of Q-markers. It was consistent with the “five principles” of Q-markers, also conducted to anticipate the potential Q-markers for the neuroprotective effects of JKZP (Wu Q. et al., 2024).
Oxidative stress occurs when oxidative and antioxidant components in cells are out of balance, causing cellular and tissue damage (Rotariu et al., 2022). It is gratifying that a favorable antioxidant capacity of PRR was observed by measuring the viability, activity of SOD, and levels of GSH and MDA in cells, which preliminarily confirmed the “effectiveness” of Q-markers. The effectiveness of TCM in clinical practice is directly related to the quality, which was regarded as a pivotal issue in the “five principles” of Q-marker (Jiang et al., 2018).
Grey relational analysis (GRA) is a comprehensive model of evaluation and prediction from a holistic perspective. It has a simple principle, convenient operation, and low requirements for data. By observing changes in some independent variables in different datasets, the magnitude of the association between common peaks and the corresponding efficacy data was obtained, it was also used for the spectrum-effect relationship in the research of Q-markers of antioxidant activity of Kai-Xin-San (Shan et al., 2023). However, GRA could not be used to describe the positivity or negativity of a correlation (Wu D. et al., 2024). For instance, a large negative correlation should be selected when conducting a correlation analysis for MDA. Therefore, another widely used method, partial least squares discrimination analysis (PLS-DA) was introduced. PLS-DA compensated for the deficiency of GRA, but also clarified the contribution of each component of PRR on the efficacy of PRR. Thus, combined use of GRA and PLS-DA could screen out the components that make outstanding contributions to the antioxidant effects of PRR. We attempted to use Pearson correlation analysis (Supplementary Figure S5), but no contributory components could be identified for the antioxidant activity of PRR with regard to SOD. Considering the possible differences in data processing among various methods, we incorporated and optimized the results of multimodal analysis. Eight components of PRR were found to contribute to the antioxidant effects of PRR: paeoniflorin, galloylpaeoniflorin, albiflorin, 1,2,3,4,6-o-pentagalloylglucose, benzoylpaeoniflorin, pinocembrin, oleanic acid, and isorhamnetin-3-o-nehesperidine.
Monoterpenes and their glycosides (including the four monomeric compounds of paeoniflorin, galloylpaeoniflorin, albiflorin and benzoylpaeoniflorin in PRR) possess antioxidant effects. For example, paeoniflorin has been reported to play an important part in the treatment of various diseases primarily through antioxidation (Ma et al., 2017; Lu et al., 2020; Yuan et al., 2020; Liu et al., 2021). Galloylpaeoniflorin can inhibit reactive oxygen species (ROS) production during ovariectomy-induced osteoporosis. It has a neuroprotective role by interfering with the phosphoinositide 3-kinase/AKT/nuclear factor-erythroid factor 2-related factor 2 pathway to upregulate or downregulate oxidative-stress indicators in cells and animals (Wen et al., 2018). Albiflorin has been shown to exert therapeutic effects upon enteritis by regulating levels of MDA, glutathione peroxidase, and ROS(Zhang H. et al., 2022). Benzoylpaeoniflorin has an inhibitory effect on early atherosclerosis owing to an antioxidant effect (Kim et al., 2021). The reports stated above offer further evidence that monoterpenes and their glycosides are antioxidative Q-markers.
The flavonoid pinocembrin has been shown to inhibit hepatocyte apoptosis and proinflammatory responses by reducing the ROS level (P et al., 2022). Pinocembrin has an antioxidant role and so can reduce cardiac arrhythmia and infarct size by diminishing the tissue level of MDA (Lungkaphin et al., 2015). Studies on the therapeutic effect of isorhamnetin-3-o-nehesperidine have been scarce, and studies only stay at the quantitative analysis (Xue et al., 2018). 1,2,3,4,6-o-pentagalloylglucose is a tannin. It has been reported to reduce acute lung injury mainly through anti-inflammatory and antioxidant effects. Kim et al. postulated that PRR elicits anti-atherosclerosis actions through anti-inflammatory and antioxidative effects, and that 1,2,3,4,6-o-pentagalloylglucose can reduce ROS production (Kim et al., 2021). Oleanolic acid has been used in the treatment of subarachnoid hemorrhage (Han et al., 2022), liver fibrosis (Leilei et al., 2022), diabetic nephropathy (Lee et al., 2016), and osteoarthritis (Pang et al., 2021) by inhibiting oxidative stress.
In addition to albiflorin, paeoniflorin, and 1,2,3,4,6-o-pentagalloylglucose, which we found to be major bioactive compounds in PRR, the metabolic products generated from a series of reactions in an organism must be considered. Hence, the active constituents in vivo may differ significantly from the inherent components of a medicinal material. For example, various metabolic products from the primitive composition of paeoniflorin, such as Paeonimetabolin I (Chen et al., 2021), oxypaeoniflorin, paeonimetabolin II glucoside (Zhang J. et al., 2022), and benzoic acid (Yu et al., 2019) have been identified in plasma. Studies have shown that Paeonimetabolin I has a significant inhibitory effect on thrombi formation via accelerating blood flow (Chen et al., 2021). Benzoic acid exerts pharmacological effects in the central nervous system by entering the bloodstream and penetrating the blood–brain barrier (Yu et al., 2019). These data suggest that some of the metabolic products from paeoniflorin have therapeutic roles in diseases, further verifying the accuracy of paeoniflorin as Q-marker.
Experimental verification is a further guarantee of the effectiveness of Q-markers. The viability of cells undergoing oxidative stress (induced by H2O2) was investigated by treatment with each monomer component at different concentrations. These monomer components displayed protective effects and indicated the reliability of screening for preliminary Q-markers.
Overall, a variety of strategies were used to study the Q-Markers of antioxidant of PRR in this paper. Although this study finally screened out chemical antioxidant Q-markers, there are also some limitations. Firstly, there is no further evidence to verify whether the antioxidant effect of eight components were equal to the whole PRR, with the possibility of some active components has been ignored. Secondly, the pharmacodynamic index of anti-oxidant was just based on the level of SOD, GSH and MDA in oxidative stress cell model, and the anti-oxidant activity in vivo using animal model needs to be further explored in future research. In addition, PRR also has many kinds of bio-activities include antiviral, anti-inflammatory, anti-bacterial, anti-tumor, anti-infective, except for anti-oxidant. Therefore, Q-markers that can comprehensively reflect varies kinds of biological activities of PRR need to be studied classified. Also, the negative control of Q-markers knock out from PRR experiments should be carried out, which would offer more powerful evidence for the screening results of Q-Markers.
5 CONCLUSION
Thirty-seven common peaks were identified from 15 batches of PRR by UPLC-Q-TOF-MS. Each PRR extracts could improve the survival rate of HT-22 cells suffering from H2O2-induced oxidative stress. PRR extracts could increase SOD activity and the GSH level, and reduce the MDA level, displayed a remarkable antioxidant bioactive. The preliminary antioxidant Q-markers in PRR were screened out (paeoniflorin, galloylpaeoniflorin, albiflorin, 1,2,3,4,6-o-pentagalloylglucose, benzoylpaeoniflorin, pinocembrin, oleanic acid, isorhamnetin 3-o-neohesperidoside). Experimental validation offered the evidence of protective effect of each monomer active ingredient on HT-22 cells under oxidative stress. Also, the Q-markers were all well docked with the potential antioxidant targets. Our research revealed the material basis for efficacy-oriented evaluation of PRR, as well as a reference for quality control of PRR.
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(IM-H]) 483.0780,466.0752/447.0568/ 99-6
313.0565/295.0459/169.0142
7 1,3,6-Tri-O-galloylglucose 11785 | CyHuOus 635.0889 0.6 483.0780/465.0674/423.0568/ 18,483
(IM-H]) 313.0565/295.0459/169.0142/ 175
125.0244
8 Albiflorin ([M-H]) 13823 CayyHaOy 525.1590 02 449.1441/327.1076/165.0551/ 39011-
121.0288/77.0393 90-0
Paconiflorin ([M-H]) 13823 CyHxOp, 479976 08 327.0708/169.0140/121.0286/77.0391 | 23,180~
576
6/-0-Galloyl paconiflorin 13823 6311638 28 613.1544/509.1294/491.1182/ 122965
(IM-H]) 479.1194/313.0552/271.0446/ 417
1690132
9 1,3.4,6-Tetragalloylglucose 1478 787.0999 11 635.0889/617.0784/ 26922-
(IM-H]) 483.0780,466.0752/447.0568/ 996
313.0565/295.0459/169.0142
10 6/-0-Galloyl paconiflorin 19627 | CyHyOys 6311638 28 613.1544/509.1294/491.1182/ 122,965
(IM-H]) 479.1194/313.0552/271.0446/ 417
1690132
1 12,3,4,6-0-Pentagalioylglucose | 28929 | C,Hy,05 9391059 32 787.0974/769.0855/617.0756/ 14,937
(IM-H]) 447.0553/169.0132 327
12 Lactiflorin ([M-H]) 30649 | CasHaOuo 507.1004 17 339.1091/177.0545/121.0289 1,361,049-
593
13 Lactiflorin ([M-H]) 37172 507.1004 17 339.1091/177.0545/121.0289 1,361,049-
593
14 Kaempferol-3-O-(6"-galloyl)-p- | 38.618 599.1100 84 169.0142/123.0088 56,317-
glucopyranoside ((M-H]) 056
15 1,3.4,6-Tetragalloylglucose 46211 | CaHaOz 787.0999 06 635.0904/617.0720/483.1880/ 26922-
(IM-H)) 465.0671/295.0667/169.0144 99-6
16 (2)-(1S5R)-B-pinen-10-yl-p-v | 49.198 | CarHaiOro 4912114 - 445.2066/293.0867/149.0448/89.0238 -
icianoside ([M-H])
17 Benzoylpaconiflorin ([M-H]) | 80499 | CsHs01 629.1162 18 553.1705/431.1341/165.0551/ 38,642-
121.0287/77.0393 198
18 Benzoylpaeoniflorin ((M-H]) | 93099 | CyHy0,, 629.1162 18 553.1705/431.1341/165.0551/ 38,642-
121.0287/77.0393 49-8
19 Asiatic acid ([M-H]) 103139 | CyoHusOs 4873467 7.8 345.2097/317.2117/96.9594 464-92-6
20 Rubusoside ([M-H]) 103785 | CyHyOyy 6413178 17 4792638 64,849-
394
21 Pinocembrin ([M-H]) 108611 | CyH,,0, 255.0528 10 213.0577/183.0645/171.0451/ 480-39-7
145.0670
2 Sedanolide ([M+H]) 109531 | CpaHy0, 195.1741 17 107.0855/99.0440/79.0542/69.0698/ | 6,415-59-4
67.0542
23 FragransinA2 ([M+H]) 110782 | CooHiOs 345.1690 52 203.1056/137.0592 112,652
467
2 4-Hydroxybenzoic acid ((M-H]) | 11147 GH,0, 137.0238 -45 93,0351 99-96-7
2 Regaloside A ([M+H]) 112084 CigHy040 4232890 07 173.0442/101.0237 114420-
665
26 Diammonium glycyrrhizinate | 113036 | CpHesNOy 8214391 06 3510569/ 79,165-
(IM-H]) 06-3
27 Linolelaidic acid ([M+H]) 117885 | Cighso0: 2792317 15 57.0699 506-21-8
2 Acacetin ([M-H]) 119536 | CigH,205 285.1470 17 139.0393/55.0542 480-44-4
2 Emodin ((M+H]) 120155 | CysHy0s 2711319 21 105.0335 518-82-1
30 Neohesperidin ([M-H]) 120652 | CasHyOus 6092914 06 295.0459/166.9986/125.0244/ 13241-
123.0088 333
Glycyrrhetinic acid ([M-H]) | 120652 CoHicOs 469.2933 60 151.0401/135.0452/ 471-53-4
31 Oleanic acid ([M-H]) 124219 CyoHy0, 4553123 -0.8 508-02-1
Isorhamnetin 3-O- 124219 | CyyHiOyq 6232799 7.1 169.0142/152.9982/124.0165 55,033-
neohesperidoside ([M-H]) 90-4
32 gingerglycolipid B ([M-H]) 1312 7234175 11 677.3754/415.1457/397.1351/ 88,168-
287.0772/253.0929/235.0823/ 90-5
1610455
33 Ursolic Acid ((M+H]) 132981 | CyoHy0s 4573577 14 145.1012/131.0855 77-52-1
34 Hederagenin ([M-H]) 133696 | CyoHisOs 4713480 0 4713480 465-99-6
35 N-Benzyloleamide2 ((M+H]) | 134487 = CyH,sNO, 3723459 09 88.0756/57.0698/55.0542/ 883,715-
217
36 Cinnamic acid ([M+H]) 139449 | GoHs0; 149.0231 =59 1210284 621-82-9
37 Scoparone ([M+H]) 142106 CyyHy 0, 207.0304 -21 105.0699 120-08-1
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